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Abstract 


In this report some satellite (TIROS I) photographs of cellular cloud patterns are related to 
conventional meteorological observations. These cellular patterns occurred at the top of con- 
vective layers which were heated from below; and through which there was little vertical 


variation in wind velocity. 


I. Introduction 


On April 1, 1960 the National Acronautics 
and Space Administration placed a meteorolo- 
gical satellite, called TIROS I, into orbit around 
the Earth. The primary function of this 
satellite was to photograph the Earth’s cloud 
cover between about 55° N latitude and 55° S 
latitude; and for this purpose it utilized two 
cameras, one a wide angle camera capable of 
viewing a swath 800 miles wide, and another, 
a narrow angle camera, capable of examining 
in considerable detail a smaller area located 
within the larger area. The experiment proved 
to be remarkably successful, and during its 
two and one-half-month lifetime TIROS I 
photographed many interesting cloud features, 
some of which have already been described 
(Fritz and WEXLER, 1960; WEXLER and FRITZ, 
1960; STAFF MEMBERS, 1961). For a description 
of the satellite and its components the reader 
is referred to a series of articles published in 
the June 1960 issue of Astronautics (STERNBERG 
ET AL, 1960). 

One of the cloud features revealed by TIROS 
I was a cellular pattern having horizontal dia- 
meters as large as 30 to 50 mi and consisting of 


1 This work has been supported by the National Aeron- 
autics and Space Administration. 
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clear centers bounded by ring- or U-shaped _ 
cloud elements about 10 to 15 mi wide. Such 
features are too broad to be recognized by a 
single observer at the Earth’s surface, and yet 
small enough to remain undetected by even 
the best distribution of standard synoptic 
reports. 

Three examples of such a cellular pattern are 
shown in fig. 1. The first picture (fig. 1a) was 
taken while the satellite was over the Atlantic 
Ocean, 650 naut mi northeast of Bermuda at 
1612 GMT, April 4, 1960; the second (fig. rb) 
was taken over the central Pacific, looking 
north westward towards the Aleutians at 2341 
GMT, April 1, 1960; and the third (fig. 1c) was 
taken from a point 750 naut mi northeast of 
Hawaii at 2250 GMT, April 4, 1960. 

The primary aim of this report is to relate 
this cloud pattern to the available meteorolo- 
gical observations. Emphasis is mainly on the 
Atlantic case (fig. Ia) since more extensive 
observations were available for this case than 
for the other two. These observations consist 
of the standard surface reports, radiosondes, 
pilot balloon observations, and aircraft reports 
including several dropsondes. Later, the pro- 
blem of cellular convection, as treated by 
laboratory and theoretical studies, will be 
discussed briefly in relation to these TIROS 


observations. 
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Fig. 3. Surface weather map for 1800 GMT, April 4, 

1960. Track of TIROS I, subsatellite point (dot), and 

picture center (circled dot) are indicated. The area 

occupied by cellular cloud pattern in fig. ra is outlined by 
dashed line. 


Fig. 4. Surface synoptic reports for 1800 GMT, April 4, 

1960. Plotting model is abbreviated. Figures in parenthe- 

ses are ocean surface temperatures. Track of satellite 

again indicated; and area occupied by cellular cloud 
patterns of fig. 1a is outlined, 


2. Synoptic Analyses 
The Atlantic Case. 


To establish location and scale, a latitude- 
longitude grid? has been superimposed on 
* The method for calculating these grids is described in 


another report (STAFF MEMBERS, 1961) and will not be 
discussed here. 
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Fig. 5. Aircraft reports for period 1200 GMT-2300 GMT, 
April 4, 1960. 


fig. 1a. This is shown in fig. 2, where it is 
readily apparent that the cellular cloud pattern 
in the foreground occupies a large area, ex- 
tending in the picture about 650 naut mi in a 
west-east direction and 300 naut mi in a north- 
south direction. These cells have diameters 
ranging from 20 naut mi near the picture 
center to about 40 or 50 naut mi in the lower 
right portion of the figure. 

The surface weather map corresponding 
most closely in time with this photograph is 
for 1800 GMT, April 4, 1960 (fig. 3). It shows 
an intense anticyclone with a maximum pres- 
sure of 1029 mb dominating the picture area. 
Northwest of this high pressure center, exten- 
sive middle and low cloudiness were reported 
with rain occurring near Nova Scotia and 
Newfoundland (fig. 4). This cloudiness, having 
the appearance of a stratiform type, is apparent 
toward the northwestern (upper left) portion 
of fig. 2. However, in the cellular cloud region 
of fig. 2 only low clouds, chiefly stratocumulus 
and cumulus, were reported (fig. 4). These 
observations were verified by a few aircraft 
in the vicinity which estimated these clouds to 
have bases around 2000—3000 ft. and tops 
ranging from 4000 ft. in the northern to 12,000 
ft. in the southern part of the picture area 
(fig. 5). 

The buoyancy of these cumuliform clouds 
arises in part from heating of the air mass at 
the ocean surface. Ships in this region, for ex- 
ample, reported ocean temperatures averaging 
about 3°C warmer than the air just above, 
with the smallest differences on the western 
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Fig. 1. TIROS I photographs: 
a) taken 650 naut mi northeast of Bermuda at 1612 
GMT, April 4, 1960. 
b) taken over the Pacific looking northwestward at 2341 
GMT, April 1, 1960. 
c) taken 750 naut mi northeast of Hawaii at 2230 GMT, 
April 4, 1960. 
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DROPSONDES 
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39.0N À 
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RADIOSONDES 


327N 538W 


2100 GMT APRIL 4, 1960 


Fig. 6. Aircraft dropsonde ob- 
servations at locations indi- 


cated and radiosonde observa- 
tions at Bermuda and ship E 
between 1200 GMT and 2100 


GMT, April 4, 1960. Solid 
lines show temperature distri- 


butions; dashed lines, dew 
point distributions. 
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Fig. 7. Topography of the base of the subsidence inversion 
from data primarily in fig. 6. Analysis is for intervall 
of 50 mb. 
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SHIP "E" 35.0N 48.0W 
1200 GMT APRIL 4, 1960 


side of the high pressure center and the greatest 
on the east where the surface wind had a 
northerly component (fig. 4). Radiational 
cooling at the cloud tops should also contribute 
to the destabilization of this air mass. 
Radiosonde observations for Bermuda and 
ship “E” (35° N, 48° W) for 1200 GMT, as 
well as dropsondes from reconnaissance air- 
craft are illustrated in fig. 6, while the position 
of the soundings are shown in fig. 7. The 
sounding closest in time (1800 GMT) was a 
dropsonde at 38.4°N, 53.6° W taken near 
the edge of an altostratus deck (see figs. 2 and 
4). This sounding showed a marked subsidence 
inversion at 900 mb (about 3000 ft.) capping 
a moist lower layer in which the temperature 
lapse-rate was close to dry adiabatic. Any con- 
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Fig. 8. Upper-wind soundings for Bermuda (1200 GMT) 
and ship E (1800 GMT), April 4, 1960. 


vective clouds below this inversion presumably 
would be shallow since the condensation level 
was only 20 mb below the inversion. The 
presence of a higher cloud deck was indicated 
by increasing moisture with height above 600 
mb. 

A similar low-level structure, but with con- 
siderable variation in the height of the inver- 
sion and also convective cloud thickness, was 
indicated by the other soundings. The highest 
inversion (730 mb or about 9000 ft.) occurred 
in the southern part of the picture region (32.7° 
N, 53.8° W) with the thickest clouds also 
indicated (bases about 2000 ft, tops about 
12,000 ft.). This seems to be connected with 
larger cloud elements and also larger clear 
spaces in the lower right portion of fig. 2. 

The systematic spatial variation in depth of 
the moist lower layer is seen in fig. 7 which is 
an analysis of the topography of the subsidence 
inversion based on the few soundings available 
taken during the period 1200—2100 GMT. 
The average depth of this layer was about 
850 mb, or approximately 5000 ft. Thus, if the 
cellular pattern is considered to include the 
entire convective layer rather than just the 
visible cloud, the horizontal scale is about thirty 
times the vertical scale. 

Upper-wind soundings (fig. 8) were available 
only for Bermuda (1200 GMT) at the western 
extremity and ship “E” (1800 GMT) at the 
eastern end of the region. These showed a 
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Fig. 9. Sea-level isobars and fronts, 0000 GMT, April 2, 

1960. Track of TIROS I, sub-satellite point (dot), and 

picture center (circled dot) are indicated. The area 

occupied by cellular cloud pattern is outlined by dashed 
line. 
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Fig. 10. Sea-level isobars and fronts, 0000 GMT, April s, 

1960. Track of TIROS I, sub-satellite point (dot), and 

picture center (circled dot) are indicated. The area 

occupied by cellular cloud pattern is outlined by dashed 
line. 
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Fig. 11. Radiosonde observation for Adak, Alaska, 0000 
GMT, April 2, 1960. 


400 


600 


700 


800 


900 


1000 
(mb) 


—40° —30° 


Fig. 12. Radiosonde observation for ship NHXN (34.9° 
N, 150.4° W), 0000 GMT, April 5, 1960. 


Tellus XIII (1961), 1 


20° 


veering of the wind up to 3000 ft. with a small 
decrease in wind speed. Above 3000 ft. the 
wind speeds increased about 10 kt to 6000 ft, 
while the wind direction remained uniform 
up to the base of the inversion (4000 ft. at 
Bermuda, 7000—8000 ft. at “E”). Above the 
inversion the winds backed to a northerly direc- 
tion indicating cold air advection. 


The Pacific Cases. 


The surface map corresponding with fig. tb 
is shown in fig. 9, and that for fig. rc in fig. 
10, again with the track of the satellite indi- 
cated and the area occupied by a cellular cloud 
pattern outlined. The synoptic conditions 
accompanying fig. tb will be discussed first. 

As may be seen in fig. 9, the surface flow in 
the region outlined varied from anticyclonic 
to cyclonic, in contrast to the anticyclonic flow 
accompanying fig. 1a. But surface reports in 
the area, except for the Aleutians, were almost 
non-existent. The available reports did, howev- 
er, indicate considerable amounts of stratocu- 
mulus clouds. Such a northerly current from 
the Bering Sea, as was observed over the area, 
would also be expected to undergo consider- 
able heating at the ocean surface. The only 
radiosonde observation available was from 
Adak, 730 mi to the northwest of the picture 
center, and was quite similar to those for the 
Atlantic case. Here the subsidence inversion 
was at 800 mb (fig. 11). Whether this sounding 
was representative of conditions in the central 
part of fig. 1b may be questioned, for it is 
generally expected that cyclonic flow is more 
unstable throughout a deeper layer than anti- 
cyclonic flow (PETTERSSEN, ET AL, 1946). That 
this may not be the case here is suggested by 
the JNWP vertical motion computations (not 
shown). That chart, applicable at 600 mb, 
showed subsiding motion over the picture 
area; thus an inversion should have formed at 
the base of this subsiding layer with the cellular 
pattern confined to the convective layer at some 
level below 600 mb. Some indication of greater 
vertical development, however, is suggested 
in the immediate foreground of fig. 1b, where 
a blurred appearance may have represented 
either anvil cirrus or patches of altostratus 
clouds. 

The second Pacific case (fig. 1c) shows the 
smallest cellular pattern of the three cases. 
These are located in northerly flow with the 
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isobar curvature again varying from anti- 
cyclonic to cyclonic across the area and occur 
to the rear of the cutoff low discussed by Wın- 
STON (1960, see also STAFF MSL). In this area 
stratocumulus clouds were reported, and 
surface heating was indicated from the sea-air 
temperature difference. One radiosonde obser- 
vation available in the area was quite typical 
of the others cited earlier (fig. 12). Another 
significant difference of this case from the At- 
lantic case was in the surface wind velocities. 
Here they ranged up to 30—35 kt compared 
with 12—20 kt for the Atlantic case. Pilot bal- 
loon observations were not available except 
from a ship about 300 naut mi to the south and 
this indicated little variation in direction or 
speed up to 5000 ft. 


Summary 


A study of the synoptic observations ac- 
companying the three satellite pictures of cellular 
cloud formations described in this report in- 
dicated that: (1) a layer of moist air about 5000 
ft. deep was heated at the ocean surface resulting 
in an adiabatic lapse-rate, (2) superimposed 
over this layer was another of greater stability 
which served to inhibit the convection and (3) 
throughout the convective layer there appeared 
to be little variation in wind speed and direction 
above that portion influenced by surface 
friction. 

These distinctive cloud patterns, especially 
those in fig. 1a, have the appearance of Benard 
cells. There are, however, many important 
physical differences between the patterns obser- 
ved by TIROS I and those observed in the 


laboratory. 


3. Physical Nature of Cellular Convection 


Cellular convection was studied in detail by 
Benard early in the century (cf Brunt, 1951). 
The patterns he observed in unstable liquids 
consisted of cells with upward motions in the 
center and descent at the periphery. His find- 
ings led him to suggest that certain cloud 
patterns, such as cirrocumulus, might represent 
cellular convection. Stimulated by his pio- 
neering, other investigators undertook the study 
of these Benard cells and attempted to relate 
their findings to atmospheric cloud patterns. 


Theoretical work was originated by RAYLEIGH 
(1916) who determined the criterion for the 
onset of convection. This criterion indicates 
that Benard convection will not occur unless 
the density at the top of a fluid layer exceeds 
that at the bottom by an amount that varies 
directly as the molecular heat conductivity 
and viscosity, and inversely as the cube of the 
depth of the fluid. 

The cloud patterns illustrated in this report, 
presumably with upward motionand cloudiness 
at the periphery and descent in the clear cen- 
ters, are more typical in general appearance to 
cellular patterns obtained from convection 
experiments with an unstable layer of air 
(CHANDRA, 1938; GRAHAM, 1933). In these 
experiments smoke-laden air confined within a 
suitable container is destablized, usually by 
heating from below. If no shearing motion in 
the vertical is present, it is found that the mix- 
ture breaks up into a series of polygonal cells 
that have the intracellular motion just described. 
The observed polygonal pattern is an unsteady 
one, displaying a tendency for the cells to 
join into long rolls and the rolls in turn breaking 
up into polygonal cells. Increasing the depth 
of the chamber results in an increase in the 
cellular diameter, but the ratio of this diameter 
to the depth of the convective layer remains 
about two or three to one (AvsEC, 1939). This 
cellular configuration with its characteristic 
intracellular circulation has hitherto rarely been 
observed in natural cloud patterns, and conse- 
quently the reverse type, characteristic of cell- 
ular convection in liquids, has been the ex- 
pected one (BRUNT, 1951). 

Although observations of cellular convection 
by TIROS I have the appearance of experi- 
mental and theoretical studies of Benard cell 
convection, significant differences are evident. 
If the observations presented here are to be 
compared with Benard phenomena, then cer- 
tain problems suggest themselves. One of these 
is related to scale. For example in laboratory 
and theoretical studies a diameter to depth 
ratio of three to one is obtained (BRUNT, 1951; 
NAKAGAWA & FRENZEN, 1955). In this study a 
value ten times as large was obtained—a ratio 
that is, interestingly, comparable to that found 
by Woopcocx and Ritey (1947) from a study 
of cellular patterns in pond ice. Clearly, further 
investigation into the physical parameters that 
determine scale is required. 
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Fig. 13. Narrow angle picture (upper 
left) corresponding to area outlined 
on wide angle picture (lower right). 
This outlined area is approximately 
100 nautical miles square. 
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Another problem is related to the detailed 
structure of the convection cells. This is apparent 
from an examination of the narrow angle 
TIROS I picture corresponding with fig. ra 
(fig. 13) where it is seen that the cell walls are 
often made up of individual cloud elements. 
This is verified by surface observations of 
stratocumulus in the area (fig. 4). Thus the 
TIROS cellular cloud pictures indicate several 
scales of motion, while in contrast the typical 
Benard cell as obtained in the laboratory 
appears to possess a very simple structure and 
circulation. 

Further difficulties involve the treatment of 
heat conduction and viscosity; for, on the scale 
of motion in fig. 13, the use of eddy coefficients 
is required, and these vary widely in space and 


time. Also, the release of latent heat, compressi- 
bility and perhaps the spatial variation of 
heating should be considered. Some of these 
problems have been discussed by Malkus (1952) 
in an interesting review of the convective 
cloud problem. 

The observations presented in this report 
are but a few examples of cellular convection 
obtained during the lifetime of TIROS I. 
Many other examples remain to be studied. 
For, among its many findings, TIROS I has 
indicated that cellular convection occurs ata 
larger scale, and over a greater portion of 
the Earth’s surface, than heretofore realized. 
These observations should serve to stimulate 
an increase of interest in this challenging pro- 


blem. 
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n.m. of the flight path have been mapped to 
within about 5 n.m. of their actual (relative to 
storm center) positions, while those between 
so—100 n.m. of the flight path are located 
within 10 n.m. 

The vertical extent of a cloud presented a 
greater problem, as few were visible in their 
entirety from base to top. A horizon had there- 
fore to be determined on the film. On August 
25 this was not difficult; the actual horizon 
was visible during large portions of the flight 
and the aircraft attitude remained steady. 
Furthermore, an independent height-size rela- 
tionship from dynamic computations (Markus, 
1960) was available as a test. The top heights 
for the 25th are thus correct to within about 
1000 ft. On the 27th, the horizon was visible 
less often and the aircraft wobbled more. 


The heights are thus only accurate to about 
2000 ft for those clouds measured precisely. 
Many others have been indicated as approxi- 
mately determined. Checks on the horizon 
were provided by the internal consistency of 
tower tops at varying distances, several cases 
of clouds visible from base to top, and one 
case of distance determination on a cloud whose 
base was exactly at the bottom of the frame, 
all with excellent results.. A correction for the 
earth’s curvature and atmospheric refraction 
was introduced for all clouds at distances 
greater than ro nautical miles (see RıEHL, Gray, 
Markus, and RoNNE, 1959). Retrospectively, 
the greatest disadvantage in such a study is 
not the problem of accuracy, which proved 
adequate for the purposes desired, but the 
fantastic labor involved. The maps presented 
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Fig. 1. Photographic cloud map for Daisy August 25, 1958, constructed from C-level (37,000 ft) NHRP nose 


camera film. Camera axis aimed $0° to left of flight path, horizontal view angle is about 53°. Coordinates are in 

nautical miles relative to origin at storm center. Solid line with arrows is flight path, with times (Greenwich or Z) 

noted every hour. Stippled portion of path denotes “in cloud” and relative darkness is indicated by dot density. Edge 

of cirrus shield (when above aircraft) denoted by dashed line with perpendicular hatching. Heights of tops of most 

penetrative cumulonimbi (tops > 37,000 ft) noted. Dotted regions to left of east flight leg are rows of suppressed 

small cumuli. Arrows marked ‘‘a”” and ‘‘b’’ are locations and directions of corresponding still photographs shown in 
Fig. 5, made from mid-level (15,600 ft) flight during same period. 
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herein required six months full-time effort 
on the part of three experienced persons; in 
the future, the reduction time could conceiv- 
ably be cut in half if the original photographs 


were taken with this use in mind. 


3. Discussion of the cloud maps 


The resulting cloud maps for the high-level 
flights (altitude about 37,000 ft) for August 
25, 26, and 27 are shown in Figs. 1—3. The 
middle-level flight for the 27th (altitude 13,000 
ft) is shown by itself in Fig. 4 and in red super- 
posed on the corresponding upper flight in 
Fig. 6. Fig. 5 shows selected still photographs 
from the 25th and 27th; their locations and 
directions are indicated by arrows in Figs. 1, 
3, and 4. Pertinent general information con- 
cerning hurricane Daisy on these days is sum- 
marized in Table I. A detailed presentation of 


LYS 


analyses of the NHRP Daisy wind, tempera- 
ture, and humidity data has been prepared by 
COLON ET AL. (1961). 


August 25—Formation Day 


The flights on August 25, 1958, explored 
hurricane Daisy between the hours of 1800— 
2300 Z or Greenwich Civil Time (1300—1800 
EST). The storm was centered near 27° 30’ N, 
76° W and was moving northwestward at 
7 knots. The central pressure had achieved 
997 mb and was thus at the transition point 
between “tropical storm” and “hurricane”; 
correspondingly the maximum wind strength 
had reached 60 knots, just short of hurricane 
force. 

The cloud map is shown in Fig. 1.Instudying 
it, the sampling problem should be brought 
to mind. On all the upper level flights, the 
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Fig. 2. Photographic cloud map for Daisy August 26, 1958, constructed from C-level (37,000 ft) NHRP nose 
camera film. Notation, coordinates, and procedure same as Fig. I. 
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Fig. 3. Photographic cloud map for Daisy August 27, 1958, constructed from C-level (37,000 ft) NHRP nose camera 

film. Notation, coordinates and procedure same as Fig. 1. Arrows marked ‘‘c’’, ‘‘d’’, ‘‘e’’ and “f” are locations and direc- 

tions of corresponding still photographs shown in Fig. 5, made from mid-level (c and d at 13,000 ft; e and f at 20,000 
ft) flight during same period. 


camera was pointed 50° to left of straight ahead 
so that very few clouds to the right of the 
aircraft’s path could be seen. Secondly, the 
enormous labor of cloud plotting makes it 
inevitable that the coverage is less than com- 
plete, so that the actual cloudiness is always 
greater than the map suggests. Furthermore, 
the aircraft was “socked in” by cirrus during 
approximately 40 % of the time spent in the 
storm area; actually the lower flights and 
other evidence suggest that the region covered 
by cirrus (somewhat more than the southeast 
quadrant) was the most active portion of the 
storm, in terms of convective activity, pre- 
cipitation, and wind speeds. These reservations 
must be kept in mind in drawing conclusions 
from our results. Our procedure in mapping 
was to concentrate on accurate locations of all 
visible well-delineated cumulonimbus towers 
reaching flight level and above, and upon 
accurate mapping of the cirrus shield. Sam- 
plings and height ranges of groups of middle 


level cumulus were taken wherever possible, 
and the organization of smaller suppressed 
cumuliform clouds was noted schematically in 
the proper locations. Stratus decks were entered 
schematically wherever these were prominent. 


Cumulonimbus structure 


The highest cumulonimbus tower seen was 
at 47,000 ft; it had an active, rounded top, 6 km 
across, located 80 n.m. due south of the 
center. About fourteen penetrative towers 
reaching above flight altitude (tops above 
37,000 ft) were mapped. This sample permits 
us to estimate roughly the total number of 
towering cumulonimbi in the rain area. One- 
third of the rain area (radius 200 n.m.) was 
rendered invisible by cirrus. About one-half 
of the remaining two thirds was sampled by 
the camera. Therefore, if the unsampled por- 
tions were no more productive of cumulonimbi 
than the sampled portions, about forty towers 
in the active or just dying phase might be ex- 
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Fig. 5. Series of still photographs illustrating visual character of hurricane Daisy, a and b for August 25, re- 
mainder for August 27. 


a. Still photograph, located and oriented as shown by  d. Still photograph, located and oriented as shown by 
arrow in Fig. 1. Time: 2143 Z, August 25, 1958. Made arrows in Figs. 3 and 4. Time: 1544 Z, August 27, 1958. 
from mid-level aircraft at 15,600 ft. Made from mid-level aircraft at 13,000 ft. 


b. Still photograph, located and oriented (approximately) e. Still photograph, located and oriented as shown by 


as shown by arrow in Fig. 1. Time: About 2330 Z, Au- arrows in Figs. 3 and 4. Time: 2048 Z, August 27, 19 
gust 25, 1958. Made from mid-level aircraft at 15,600 ft. Made from continuation of mid-level flight at 20,000 ft. 


c. Still photograph, located and oriented as shown by  f. Still photograph, located and oriented as shown by 
arrows in Figs. 3 and 4. Time: 1544 Z, August 27, 1958. arrows in Figs. 3 and 4. Time: 2050 Z, August 27, 1958. 
Made from mid-level aircraft at 13,000 ft. Made from continuation of mid-level flight at 20,000 ft. 
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Film ends 


er 8 
(13,000) 


Fig. 4. Photographic cloud map for Daisy August 27, 1958, constructed from 
the B-level (13,000 ft) NHRP nose camera film. Notation, scale, coordinates and 
procedure same as Figs. 1—3, except for difference in aircraft, flight path, altitude, 
and camera orientation. The mid-level nose camera was aimed straight ahead. Arrows 
marked ‘‘c’’ and ‘‘d’’ denote corresponding still photographs in Fig. 5 taken on this 
flight, arrows marked ‘‘e’’ and “‘f”” denote last two stills in Fig. 5 which were taken 
from a higher-level (20,000 ft) continuation of this flight not covered by the 
ciné film. 


pected. Actually, since the eye wall and most 
active third of the rain area were those parts 
not sampled, we estimate the number as nearer 
sixty, since the lower level films suggest that 
the actively convecting regions were about 
twice as close together in the cirrus-covered 
region. 

The cumulonimbus towers were clearly 
concentrated in widely separated rows, approxi- 
mately parallel to the low-level flow, although 
the continuous “spiral band” character was 
both much less than ideal and less pronounced 
than that observed in hurricane Cleo a week 

revious (now being studied). The main row 
visible to the camera was found just south of 
the northern flight leg. Along this leg its dis- 
tance from the center decreased from about 
160 n.m. at the eastern end to 120 n.m. at 
the western. Later the radar comparison will 
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suggest that this band spiralled into the eye 
wall on its west side, with a break to more 
suppressed cloud material occurring between 
80 and 40 n.m. north-northwest of the center. 
The highly congested region 80 n.m. to the 
south of the center which contained the 
tallest (47,000 ft) tower was apparently a frag- 
ment of a second band which may have 
spiralled in to the eye wall on the east side. 
With the exception of an interrupted line of 
widely separated towers oriented northwest— 
southeast about 160 n.m. out in the southwest 
quadrant, and a faint suggestion of what could 
have been another distant partial band more 
than 200 n.m. to the north, these were all the 
“hot towers’ which were visible on the 
film. We may therefore conclude that pene- 
trative convection was extremely highly con- 
centrated into very restricted regions, which in 
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Table 1. Hurricane Daisy 


Time of 6 Central Maximum Movement of 

Der C Flight | zu zZ | Pressure Wind Storm Center 
Aug. 25 1800— 2300 Z 27°30'N; 76°W 997 mb 60 kt 7kt,toNW 

Aug. 26 1800— 2300 Z 28°30’N; 76°50’W 972 mb 90 kt 3 kt, to NNE 
Aug. 27 1600—2100 Z 29°30’N; 75°20’W 950 mb 115 kt 8kt,toNE 


turn were lined up with the low-level flow in 
widely separated rows; altogether not more 
than 1 % of the rain area within 200 n.m. 
can have been occupied with active towers at 
this level and at this time. 

A remarkable and unexpected feature of the 
penetrative cloud structure on this flight was 
its persistence. For example, the group of 
cumulonimbi to the south of the center con- 
taining the 47,000 ft buildup and at least one 
more up to flight level was first observed on 
the entering leg at about 1830 Z although the 
aircraft went into cirrus too soon for a meas- 
urement on them at that time. The measure- 
ments were actually made on the southward 
leg (which terminated at 2100 Z) 2% hours 
later, when remarkably enough, the cloud 
group had very nearly the same appearance, 
including a giant buildup! It will be recalled 
that the storm had moved some 12—13 n.m. 
in that time and thus this persistent cloud 
feature cannot be attributed to any fixed ocea- 
nic or geographic influence. Furthermore, the 
nearest Bahama Islands were 40—s50 n.m. 
from this locality (see Fig. 7). From our knowl- 
edge of the life spans of non-hurricane cu- 
mulonimbi (Markus and RONNE, 1954), it is 
questionable whether the same cloud was 
seen on both legs; alternatively this spot, rela- 
tive to storm center, may have been a preferred 
one for cumulonimbus production. 

Another apparently persistent cumulonimbus 
was the 38,000 ft one passed through by the 
aircraft just northwest of the eye at 2155 Z, 
which was also located and measured on the 
southward leg at 2030 Z, or nearly 1% hours 
earlier. This cloud apparently moved 10—15 
n.m. toward the south in the interval and it is 
therefore not certain whether it was the same 
cumulonimbus, moving downwind at about 
one-third the low-level wind speed, or a new 
one regenerated in nearly the same spot, 
relative to storm coordinates. However, the 
appearance of the cloud in this location shown 


in the still photograph (Fig. sa) from the mid- 
level flight at 2143 Z is recognizably similar to 
that on the nose camera film at 2030 Z, except 
for aging of the top and spreading out of the 
anvil. 

If, in fact, it turns out upon further study 
that there are preferred spots for tower genera- 
tion which remain relatively fixed in storm 
coordinates, this is a significant matter. It may 
be related to meso-scale wind and temperature 
streakiness and may further hold the key to 
interaction between the convective structure 
and the large-scale dynamics of the storm. 


Eye 


The high-level flight made no eye traverses 
on this day, although the lower flights and 
observers’ reports record that throughout 
Daisy’s history it was very small (about 10— 15 
n.m. diameter), and cloudy. The eye and wall 
cloud will be discussed later in connection 


with the radar. 


Cirrus 


Cirrus was first encountered by the aircraft 
on the entrance leg 160 n.m. from the storm 
center. It was in the form of streamers, oriented 
approximately north-south. Where the stippled 
region on the map begins, the plane entered 
cirrus at flight level and remained “socked in” 
almost to the northeast corner of the pattern. 
The edge of the cirrus (above flight level) is 
marked along that leg; it continued, in a 
banded and broken manner to the west of 
the storm center where it ended less than 100 
n.m. from the eye wall, in contrast to its 
greater than 200 n.m. extent on the east side. 
In addition to its pronounced asymmetry on 
the 25th, the cirrus was not generally well 
organized into a uniform “shield” but was 
frequently in the form of streamers apparently 
emanating from the eye wall and congested 
regions of cumulonimbus such as the one 80 
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n.m. to the south of the center (contrast Figs. 
sa and b with sf made two days later on 
August 27th). 


Summary of cloud features on August 25 


The cloud configuration on the. 25th was 
apparently in a transitional stage. from the 
deep easterly wave type (examples mapped 
elsewhere by this group, i.e. report by Rient, 
Gray, Markus, and RONNE, 1959) which is 
extremely asymmetrical, with the huge build- 
ups and cirrus confined to a convection zone 
to the rear side (generally the east) and the full 
hurricane in which the distributions are gen- 
erally more symmetrical about the center. It 
will be seen, however, that even on Daisy 25, 
the cloud patterns far more closely resembled 
those of Daisy 26th and 27th, than they did 
either the deep easterly wave or any other 
disturbance so far studied. 

Visible cumulus congestus (tops 10—25,000 
ft) were considerably rarer than in the easterly 
wave, although on Daisy 25 they were more 
common than later on in the storm. They 
were not seen inward of 100 n.m. except in 
the neighborhood of cumulonimbi. The 
visible parts of the inner rain area (r < 100 
n.m.) were characterized by alternation between 
very restricted regions of huge buildups and 
much wider suppressed regions with two or 
more stratus layers (often very broken) 
showing scud and intermittent lines of suppress- 
ed cumuli below, as contrasted by the photo- 
graphs in Figs. sa and sb. The stunted cumuli 
were particularly pronounced throughout the 
eastern flight leg; wherever one could see 
downward, the sea surface was obscured by 
small highly-organized rows of them lined up 
approximately from south-southeast to north- 
northwest, or parallel to the low-level flow. 

The western portion of the “rain area” was 
very much freer of cloud than the eastern, 
with little or no precipitation beyond 40 n.m. 
from the center, except for a line of showering 
congestus nearly 260 n.m. out. This region 
contained mainly streaky cirrus aloft and rows 
of suppressed cumuli below, with wide patches 
of visible blue sea and sky. 


August 26— Deepening Day 
The high-level flight on August 26th took 


place just 24 hours after that of the 2sth. 
The flight patterns flown were very similar. 


The storm had moved 95 n.m. to the northwest 
and was just at the re-curvature point, with a 
travel velocity of 3 knots to thenorth-northeast. 
It had deepened to show a central pressure of 
972 mb; the flights on the 26th were made 
very close to the time of most rapid deep- 
ening. The maximum wind was now 90 knots, 
but speeds in excess of hurricane force covered 
only a very small region in the eye wall. 

The cloud map constructed from the upper 
level flight is shown in Fig. 2. It was made 
with somewhat less detail and precision in 
height measurements than those of the 25th 
and 27th for the two reasons that a) nearly 
60 % of the flight time was spent socked in 
by cirrus and b) this day has not been used 
(as yet) for overall storm computations and 
hence soundings, budgets, and plots of other 


important variables were less accessible for 


checks and comparisons. 


Cumulonimbus structure 


Despite the very small sampling by the 


camera (about 20 % of the area.whérein r < 200 
n.m., almöst none of this in the inner rain area, 
Where r< 100 n.m.) on the 26th, the resem- 
blance of what can be seen of the cumulonim- 
bus structure to that of the 2sth is striking. In 
particular the line of cumulonimbus just south 
of the north flight leg is present twenty-four 
hours later at identical radius from the storm 
center. The changes in cumulonimbus structure 
are twofold: toward more and bigger buildups 
and toward a more symmetrical distribution 
about the storm center. There are now 16 
towers visible above flight level. Taking into 
account the proportion of area sampled, we 
estimate a total of 80 buildups by pure extra- 
polation, or 144 if we assume that the un- 
sampled inner area is twice as productive as 
that sampled. The main visible line of cumu- 


lonimbi contains at least twice as many pene- © 


trative ( > 37,000 ft) towers as on the 25th and 
has extended itself (in relative coordinates) 
westward, with a 37,000 ft tower just at the 
western turn which was definitely not present 
on the 25th. The final (westernmost, flying 
southward) flight leg revealed 8 towers above 
flight level, as indicated, in a region which 
had only suppressed lines of cumulus previous- 
ly, indicating a symmetrizing of the storm’s 
convection with time by developments in 
the western quadrants. Finally, a line of at 
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least four towers above flight level was now 
seen far (= 200 n.m. from center) to the 
north of the north leg, suggesting that expan- 
sion of the active convection zone was also 
occurring. Using the figure of 144 penetrative 
clouds within r < 200 n.m. we compute that 
the area coverage by hot towers is now 
approximately 2% % at this level. 


Cirrus 

On the whole, the cirrus distribution on the 
26th was remarkably similar to that on the 
25th; it dominated the flight in the southeastern 
portion and showed the same lowering or 
thinning just as the aircraft approached the 
southeastern turn. The main changes were 
toward greater symmetry about the storm 
center and consolidation into a more uniform 
“shield” in contrast to the somewhat streaky 
or banded structure frequently encountered 
on the formation day. 

The shield had actually retreated somewhat 
on the east leg, which was no longer truly 
socked in, and on the north leg also, where its 
outer boundary was 20—30 n.m. nearer storm 
center. On the west side, on the other hand, 
it had markedly spread and consolidated. The 
inner western leg (~ 40 n.m. west of center) 
was now wholly socked in, and the outer 
western leg had banded and broken cirrus 
above the plane. The cirrostratus and cirrus 
in the extreme southwestern corner of the 
map was separated from the main hurricane 
cirrus by a band of blue sky above, at least 
20 n.m. across. This “clear ring” to the south- 
west persisted throughout the three days at 
a radius of about 200 n.m. and may have 
marked the outer boundary of the storm con- 
vergence. 


Summary of cloud features on August 26 


Hurricane Daisy appeared to retain her in- 
dividual cloud characteristics on the deepening 
‚day; these, however, showed further develop- 
ment from tropical wave to true hurricane by 
becoming a) more symmetrical, b) more pro- 
ductive of penctrative towers, both where 
found previously and in new places, partic- 
ularly spreading into the previously inactive 
western quadrants and outward, at least to 
the north and c) more organized in both 
cirrus and convective structure. By the latter, 
we mean that fewer groups of cumulus con- 


gestus were seen scattered in the rain area; 
the upmotions appeared more concentrated in 
hot towers, separated by spreading layers of 
alto-stratus (now increasingly predominant 
on the north leg), below which were found 
either scud or organized rows of suppressed 
cumuli. This type of organization was also 
found on our previous Pacific study (RIEHL, 
Gray, Markus, and RONNE, 1959, see cloud 
code types 13—16) characterizing severely 
disturbed or typhoon situations. 


August 27—Mature Day 
The middle and high-level flights on the 


27th occurred between about 1600—2100 Z. 
The storm was located at 29° 30’ N, 75° 20’ W. 
In the 22 hour interval since the flights on 
the 26th, the center had moved 115 n.m. 
toward the northeast; it was now travelling in 
this direction at 8 knots, having accelerated 
somewhat after recurvature. The flights on 
the 27th encountered hurricane Daisy at her 
maximum development. The central pressure 
attained its minimal value of about 950 mb 
at this time, although the strongest winds did 
not appear to match this low pressure, since 
they exceed 100 knots only in a narrow region 
in the southeastern segment of the eye wall. 
On this day the upper flight performed a fairly 
similar pattern to the previous two, but un- 
fortunately the exit leg was lost due to the 
film having ended just before 2000 Z. The 
aircraft was socked in by cirrus about so % 
of its time in the storm area. The results of the 
upper flight are shown in Fig. 3. Fortunately 
on this day the middle level flight had ade- 
quate time checks for reduction; its map is 
shown separately in Fig. 4 and superposed (in 
red) on the upper level flight map in Fig. 6. 


Cumulonimbus Structure 


Again the striking feature of the cumulo- 
nimbus structure is its pronounced resem- 
blance, with gradual evolution, to that of the 
preceding two days. On the day of maximum 
intensity, hurricane Daisy showed a row of 
cumulonimbus towers just to the south of the 
northern flight leg, a highly congested active 
precipitation zone 80 n.m. due south of the 
center (see Fig. 4), and another row of active 
towers 150 miles west-southwest of the center. 
The first two of these features had persisted 
in nearly the same location relative to the 
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storm center from the formation day on the 
25th! The row of cumulonimbi in the western 
sector had only one member on the 2sth, 
showed two or three on the 26th and now on 
the 27th had at least five towers with tops 
above 37,000 ft. 

Development toward greater symmetry 
and more buildups was also apparent in the 
north line, which had extended further into 
the northwest quadrant and was slightly closer 
to storm center than previously. This line 
contained the tallest tower measured, which 
from the B flight (13,000 ft) came out to be 
50,000 ft at 1700 Z, and from the C flight was 
topped at 53,000 ft about a half hour later. 
Whether the change was due to growth or 
errors in one or both measurements is not 
possible to say, although the tower appeared 
to be still rounded and rising at 1700 Z. The 
northernmost line was also still visible on the 
27th, in about the same relative location and 
state of development as on the 26th. In addi- 
tion, part of another cumulonimbus line was 
now visible about 200 n.m. out from center 
in the southeast quadrant; this was a region in 
which the aircraft had been socked in by cirrus 
on the previous two days. 

Not more than 20 % of the rain area (r < 
200 n.m.) was seen by the camera on the 
mature day. We can furthermore be confident 
that on this day the “socked in” regions of 
the C flight were, in fact, the most convec- 
tively active portions of the rain area. The B 
flight (Figs. 4 and 6) shows clearly that the 
very black, rainiest, and bumpy portions of the 
storm were in the eye wall region and the 
southeast quadrant, and that therein these were 
spaced about twice as closely together as the 
visible cumulonimbus rows in the outer por- 
tions mapped. Since we counted 22 cumulo- 
nimbus towers above flight level on the C 
flight, we therefore estimate the total number 
of penetrative hot towers to be not less than 
200. Hot towers may therefore cover about 
4 % of the rain area at this level on the mature 
day of hurricane Daisy. 


Cirrus 

The cirrus shield also showed the same 
general character and distribution as previously, 
with gradual evolution toward consolidation 
and symmetrization, which were presumably 
at a maximum on the 27th. After that the 
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storm began to accelerate northward and out 
of the tropics. 

The cirrus shield at flight level had retreated 
on the east leg somewhat farther toward the 
center than on the 26th, but above the aircraft 
cirrus extended outward to at least a radius of 
300 n.m. (where visible on the southeast turn). 
There was a real indication of a higher cirrus 
layer ($5—60,000 ft) above the extension of 
the main shield which rose from flight level 
to about 45,000 ft on the corner. 

To the north of storm center, the cirrus 
shield had shown little change in the three 
days and was on the 27th of about the same 
extent as on the 25th; however it had spread 
considerably to westward, now overlying the 
entire northwest quadrant in a continuous 
sheet reaching a radius of 100 n.m. (see Figs. 
se and f). Outward of that, banded cirrus 
extended about another 40 miles, with the 
bands aligned roughly north—south. Still, 
however, the entire western cirrus structure 
was less dense and less well developed than 
that in the southeast quadrant. 


Other cloud features on August 27 

The B-level map (13,000 ft. Fig. 4) provided 
a valuable supplementation; in particular it 
showed what was below the cirrus in the 
active southeast quadrant. The mid-level air- 
craft also performed numerous circles in the 
eye wall. The photographs showed there the 
blackest, most turbulent and rainy conditions 
encountered. That extraordinarily intense and 
penetrative convection, even for a hurricane, 
was occurring there was substantiated by the 
August 27th radar (see JORDAN, HURT and 
Lowrey, 1960) which shows that the eye wall 
contained cumulonimbus towers up to at 
least 60,000 ft. We may therefore use the 
pictures there as a rough calibration for the 
remaining B film. The next blackest, rainiest, 
and most convectively active region was found 
about 80 n.m. south of the center, in nearly 
the same relative location as the huge towers 
on ‘the 25th. The photographic and radar 
evidence suggest this was a part of a well- 
developed line which in the southeast quadrant 
had a radius of 45 n.m. and spiralled gradually 
into the eye wall from the northwest. 

More stratus layers were now present than 
previously; the northern flight leg on the B 
flight (r ~ 65 n.m.) passed between two of 
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these in a convectively inactive region. Con- 
centration of convection was a maximum on 
this day, with the eye wall and a few pro- 
nounced bands in the rain area accomplishing 
all of it; no congesti were found except in the 
close vicinity of these bands. 

The photographs shown in Figs. sc and d 
were made on the entrance leg of this flight (see 
Fig. 4 for location) and se and f were made on 
its continuation at 20,000 ft altitude after the 
movie film had ended. These stills were all 
made in the western sector of the storm, which 
was relatively cloud-free on the 25th, empha- 
sizing the trend toward symmetrization. The 
generally blacker appearance, heavier stratus 
layers, and more suppressed low-level convec- 
tion are obvious in contrast with Figs. sa and b 
from the 25th. At the B-level on the 27th, 
individual hot towers were largely obscured 
by stratus and rain, and with one or two ex- 
ceptions, could only be picked out clearly on 


the high-level flight. 


Summary of Daisy’s Visual Cloud Distributions 
on the Three Days 


By far the outstanding result of the photo- 
graphic mapping of Daisy’s visible cloud distri- 
bution was the persistence, in the same relative 
locations, of definite cloud patterns. This per- 
sistence was notable both between legs on the 
same flight, separated by hours, and, even 
more remarkably, over the entire three days. 
While these cloud patterns showed gradual 
evolution during the period studied from those 
resembling a deep easterly wave to those 
characteristic of a member of the species 
hurricane, persons who have looked at films 
from several hurricanes would never have 
confused Daisy with any of the others; her 
aspect remained as peculiarly her own as does 
a human’s physical appearance. 

Of significance in particular is the persistence 
of the lines or spiral bands of cumulonimbus in 
the same relative coordinate position over 48 
hours, despite a travel of the storm some 200 
n.m. If this feature proves characteristic of 
many hurricanes it may be one of the most 
potentially important revealed to date. The 
implication is that some kind of stable inter- 
action between. convective and hurricane scale 
motions is taking place such that clouds are 
continually regenerated in a few relative coor- 
dinate locations and suppressed elsewhere. 
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A puzzling outcome of this first endeavor of 
quantitative mapping of clouds in a hurricane 
over days is the quite different impression pro- 
duced by our results from that discussed by 
most radar meteorologists concerning per- 
sistence versus fluctuations in patterns. The 
common impression among radar experts who 
have studied hurricanes seems to be the 
transience in both the life of individual echoes 
and their arrangement. We believe that an 
urgent need in future hurricane studies is a 
systematic comparison between radar and 
photographic maps, both at single instants and 
over periods of time. In the next section we 
have made a preliminary effort to make such a 
comparison for Daisy. 


4. Comparison of the photographic maps with 
radar pictures 


The radar data which will be compared with 
our maps herein have been taken primarily 
from a fine study by Jorpan, Hurt, and Low- 
REY (1960) who participated in an operational 
reconnaissance flight into Daisy on August 
27th in a radar Constellation of the U.S. Navy 
Airborne Early Warning Squadron Four 
(WV-4). Their paper shows selected photo- 
graphs of its radarscope and also a few from 
the radar of the upper-level NHRP aircraft 
on the same day, for which our photographic 
map is Fig. 3. Fortunately, we also had one 
radar map available from August 25th, com- 
posited by W. S. Gray from the radar of the 
high-level NHRP aircraft, whose nose camera 
film was used to prepare Fig. 1. We should 
like to emphasize that our presentation in this 
section is only a fraction of what could and 
should be done with radar analysis on Daisy; 
many more thousands of feet of radar film 
are on file at NHRP and, in particular, August 
26th has not yet been worked up. 


Comparison for August 25th 


Fig. 7 shows Gray’s radar composite (in red) 
superposed upon our cloud map shown pre- 
viously in Fig. 1. Unfortunately there was a 
synchronization problem, since the clock in 
the radar frames was running 30 seconds 
behind the plot-out at the start and 60 seconds 
behind it at the end of the flight portion 
mapped. Resulting relative coordinate errors 
in the radar chart would thus grow from 
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about 3 n.m. to 6 n.m. by the later flight legs. 
We have corrected some but not all of these 
errors in positions of large clouds after 2020 Z 
(final turn on north leg). 

The radar in the C-level aircraft was a 3 cm 
set (APS-64) which operates at a fairly low 
power output. According to JORDAN ET AL., the 
energy from this installation “is sent out in a 
very broad beam below the aircraft but 
because of the location of the radome, none 
of the energy is sent out above the horizontal. 
Therefore the echoes shown can be considered 
as the integrated effect of the return from 
hydrometeors in the surface to 37,000 ft 
layer.” 

The comparison in Fig. 7 is extremely 
illuminating and valuably supplements the 
photographic map. We see that even on the 
25th, the cumulonimbus-producing region 80 
n.m. south of the center is the outer edge of a 
band spiralling into the eye wall on the north- 
west side. We also learn that the cumulonim- 
bus line to the north, which the photography 
located on all three days, is part of a very 
long spiral arm extending roughly north- 
south slightly west of the eastern flight leg 
and crossing the south leg just inward of the 
southeast corner. Interestingly enough, this 
is exactly where the cumulonimbus towers 
were revealed by retreat of the cirrus on the 
27th (Fig. 3), supporting our supposition that 
this, too, was a persistent feature. There is a 
relative scarcity of echoes on the western 
side, as already suggested by the pictures. 

On the whole, the correspondence between 
hard core echoes and penetrative cumulus is 
good, but by no means perfect. There were a 
few visual penetrative buildups, even some 
reaching above 37,000 ft, which do not appear 
on the radar map. Conversely, in the well- 
sampled areas there were occasional hard cores 
with which cumulus towers were apparently 
not associated, although the later non-corre- 
spondence is less certain than the former due 
to obscuring of the field of view on the film 
by stratus, nearer clouds, etc. It appears likely, 
in close examination of the region just west of 
the eye (from about 100 n.m. north to 100 
n.m. south) that some echoes coded as “hard 
core” may have had their origin from hydro- 
meteors in heavy stratus. However, since 
this region was generously larded with pene- 
trative towers, a conclusion that this type of 
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echo came from “stratus precipitation” might 
be quite false. 

The echoes delineated by lighter dotted red 
lines were dimmer and more diffuse than 
those called “hard core”. The shape and distri- 
bution of these near the hard core echoes 
makes it likely that they were also convective 
in origin (shorter, older, less wet clouds, or 
smaller drop sizes, perhaps). Thus precipita- 
tion from stratus (without nearby convection 
either was predominantly absent on the 2sth, 
or so undeveloped that this radar set did not 
detect it. The nose camera film supports this; 
stratus sheets were rarer, less murky, and less 
extensive on the 25th than on the succeeding 
two days. 

A calculation by Mr. R. H. Simpson! of 
the fraction of the rain area covered by all 
radar echoes on this day gave 22 %, over 
equal area radial intervals out to 55 n.m. The 
fraction so covered by hard core echoes was a 
uniform 6 %. It is interesting to note that the 
latter figure is six times greater than our 
maximum estimate from the photographic 
map of area covered by penetrative cumulo- 
nimbus (tops above 37,000) towers. 


Comparison for August 27th 


The PPI presentations on the paper of Jor- 
DAN ET AL. were from two different radar sets 
and installations, one being that of the NHRP 
described above. The others were from an 
APS-20E set mounted in the U.S. Navy WV-4 
(Lockheed Super-Constellation radar recon- 
naissance aircraft). The latter is, according to 
them, “a very high-powered set which operates 
at a wavelength near 10 cm with a maximum 
range of 250 miles” and is much less affected 
by attenuation than sets of shorter wavelengths. 
The vertical width of the beam is 6° and variable 
gain, antenna tilt and position of aircraft result 
in the fact that different layers, intensities of 
echoes, and portions of the storm are seen as 
these are varied. JoRDAN ET AL. have presented 
an excellent critique of these in each scope pho- 
tograph they reproduced, which will be accept- 
ed without modification here. 

Perusal of the radar photographs of JORDAN 
ET AL. might lead the casual reader to conclude 


1 During a graduate class analysis of Daisy conducted 
at the University of Chicago in January 1959 by Professor 
Herbert Riehl. 
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that Daisy’s echo patterns were chaotic, con- 
fusing, and highly variable from one time, 
location of aircraft, and type of radar set to 
the next. On some of the pictures a spiral 
band wound around the north of the center 
and none to the south; on others, a band wound 
around on the south but not the north, and on 
still a third no spiral bands at all were detectable 
but only a concentric ring of echoes around 
the eye. With the possible exception of the 
last problem (largely resolved in the discussion 
by JORDAN ET AL.), most of the apparent incon- 
sistencies are removed by reproducing all 
radar pictures on the same distance scale (we 
chose that of our photographic maps) and 
superimposing them on each other. The remain- 
ing problems in interpretation are then 
greatly illuminated by using the radar pictures 
as overlays for the cloud maps, aided by the 
analysis of JORDAN ET AL. concerning what layers 
were seen by the radar. It should be kept in 
mind that all the radar figures to be shown for 
August 27th are photographs of single frames 
and not composites. 

Fig. 8 shows a map we made from an APS- 
20E radarscope photograph (after Fig. 2 in 
JORDAN ET AL.) superposed on our C-level cloud 
map, shown earlier by itself in Fig. 3. The scope 
photograph was made at 1511 Z when the 
radar Constellation was flying at 8500 ft and 
was located, as shown, about 45 n.m. west- 
northwest of the eye center. It is thus within 
1 %—2 hours synoptic with the corresponding 
patterns of the photographic map. According 
to Jordan et al., since the antenna tilt was kept 
at about 4 degrees above horizontal during 


Fig. 10. NHRP APS-64 radar frame (red) from Fig. 9 

superimposed on radar Constellation’s APS-20E frame 

shown in Fig. 8. Note similarities despite nearly five 

hours time difference (APS-20E frame earlier), difference 
in equipment, and aircraft altitudes. 


most of the Constellation flight on the 27th, 
the patterns shown result primarily from re- 
turns in a layer from about 12,000—35,000 ft. 

Fig. 9 shows a superposition of an APS-64 
radarscope frame (after JORDAN ET AL. Fig. To) 
upon the same cloud map. This was taken from 
the C-level NHRP flight on the exit leg at 
1959 Z just after the photographic film had 
ended. It shows echoes from hydrometeors ex- 
tending from the surface to flight level in the 
vicinity of the aircraft’s location at 1959 Z. 

Fig. 10 consists of the NHRP APS-64 radar 
map (red) superimposed on the Constellation’s 
APS-20E map of Fig. 8. 

Fig. 11 shows a much later (2345 Z, 3 hours 
after the NHRP aircraft had left the storm) 
map made from the APS-20E (after JORDAN 
ET AL., Fig. 11) as overlay on the C-flight cloud 
map. The Constellation was now 200 n.m. 
to the west of the storm center and saw a 
bigger portion of the rain area, but presumably 
with more effect of attenuation. 

Fig. 12 superposes the two APS-20E radar 
maps (1511 Z in red, 2345 Z in black), and 
finally Fig. 13 shows the 1511 Z APS-20E map 
in red upon the B-level photographic map. 

The results of the superpositions in Figs. 8— 
13 are both gratifying and illuminating. Allow- 
ing for different radar sets, gains, times, air- 
craft locations, etc., we find the radar maps in 
good agreement with each other and a valuable 
supplementation of the photography (or vice 
versa). The main conclusion now becomes not 
chaos or transience, but a remarkable per- 
sistence in pattern throughout all observations. 
Figure 8 shows that the much-photographed 
cumulonimbus line to the north spiralled into 
the eye wall from west and southwest. It also 
shows that the line of near 50,000 ft buildups 
160 n.m. west-southwest of center which 
crossed into the “blind” region of the nose 
camera, was part of the spiral band containing 
the big buildups 70—80 n.m. south of the 
eye. It continued (more weakly) spiralling 
toward the center, joining the eye wall from 
the north. As we have seen, these two main 
spiral bands were characteristic of Daisy 
throughout her observed lifetime. It is not 
clear whether the more diffuse echoes are from 
stratus or cirrus, although the marked increase 
and spreading of such echoes between the two 
NHRP radar maps of the 25th and 27th, to- 
gether with the photographically recorded 


Tellus XIII (1961), 1 


un 
a 


SEOTIDERANERER NS UN? HU RRIGCANE DALSY 1958 


se 


M 


und sepeı uo ssowyystıg 03 puods91109 03 (Afoanysafgns) pouSrsop us9q sey Surpeys ‘37 COOL Jo »pnynpe ue Je 19JU99 ULIOIS JO JS2M 03 “HU COT MOT 
uonejj>3suoy “dew pnop orydeıoroyd € ‘St uo posodurodns ‘pox ur (‘Je 39 uepiof 11 “Sry Joye ‘7 SPET) Sweiy UONET[OIsUOD IJepes Joe] yonW “IL “Bry 


(000'2€) 


ISA31 pnoja mojaq ısnl so jy 


100006 -Gp ~ 
0210 siuy ul 
Spnoja arogo 

SnJ119 JO Sia4o] 
Om) Aiqissog 


ooo'oeg mous Qa ‘7, 

PA aay Wipe 

“ paysabuod: in à 
EX 


agısin 
jou do, ° 


26p3 19 


SNIOS % 


Tellus XIII (1961), 1 


26 JOANNE S. MALKUS, CLAUDE RONNE AND MARGARET CHAFFEE 


DAISY zz 
2345 GCT 


wer in 


Fig. 12. Superposition of radar frame in Fig. 11 (red) upon that in Fig. 8. Both from 

Constellation’s APS-20E set, comparable altitudes (7000 and 8500 ft, respectively) but 

at different times and aircraft locations. The red chart is from a frame nearly nine hours 
after the black with aircraft at a far greater distance from storm center. 


increase and darkening of stratus decks, sug- 
gests the former. This is confirmed if, as stated 
by JORDAN ET AL., the radar saw little above 
flight level; much or most of the cirrus was 
at or above 37,000 ft. 

Figure 11 shows little change in the main 
radar features from Fig. 8, despite a nearly 
nine-hour time difference. It also gives us a 
look, albeit probably attenuated, into the 
cirrus-covered southeastern quadrant. This 
further validates our photographically-deduced 
conclusion that this was the most convectively 
active portion of the rain area. Figure 11 shows 
another spiral band of echoes crossing the C- 
flight track about 120 n.m. south-southeast of 


the center. This may be identified with a frag- 
mentary band only about ro n.m. farther 
from storm center on the 25th NHRP radar 
(Fig. 7) and is almost surely also convective in 
origin, being so similar to others now positively 
shown to be such. Since the photographs 
showed still another cumulonimbus row about 
220 n.m. out to the southeast, we have about 
three major bands (exclusive of eye wall) in 
the southeastern quadrant, compared to about 
one and a half in the same radial coverage to 
the north, west, and southwest. 

Superposition of the APS-20E 1511 Z radar 
map on the B-flight cloud map (Fig. 13) gives 
equally agreeable and consistent results. It 
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Fig. 13. Radar chart from Constellation’s APS-20E 1511 Z frame (red, formerly in Fig. 8) superimposed on our 
B-level photographic cloud map (previously Fig. 4). 


further confirms our operational conclusion 
that generally very black, rainy, heavily 
“socked in” portions of mid-level nose camera 
films would coincide with relatively strong 
radar echoes, and that maps constructed 
showing regions of “equal blackness’ from 
film records would be in pretty good agree- 
ment with radar maps.! Outside the eye wall 
itself, the film’s blackest, most rainy portion 
was that convective area, previously discussed, 
70—80 n.m. to the south, which shows here 


1 Our currently undertaken study of hurricane Cleo 
(August 18, 1958), mapping from films and radar, is 
showing this general agreement also. 


Tellus XIII (1961), 1 


also the hardest core radar echoes, despite 
being more than 100 miles away from the 
aircraft. 


An important point brought out by this 
figure is the difference in convective activity 
between the northern cloverleaf and southern 
cloverleaf of the B-flight. Further consequences 
of this and its relevance to the averaging and 
sampling problems are brought outin Section 5. 


Finally, we may compare the radar patterns 
on the 25th (Fig. 7) with those of the 27th 
(Figs. 8—13). Especially with allowances for 
different sets, gains, altitudes, etc., and for the 
fact that the 25th map is a composite while 
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those for the 27th are single frames, we are 
more impressed with the similarities between 
the pictures than the differences, which them- 
selves may now largely be explained in a 
logical manner. The arrangement of echoes 
into essentially the same (in pattern and in 
relative storm coordinates) broken spiral bands 
is obvious, and even the breaks (along them- 
selves) in the bands occur at roughly the same 
distance and direction from storm center. The 
main differences on the 27th radar from the 
25th are: 1) greater symmetrization in echo 
distribution; in particular, more echoes in 
western quadrants, 2) the weaker and diffuse 
echoes are more spread out and extensive, 
suggesting stratus decks, rather than isolated, 
smaller convective towers, as on the 25th, and 
3) the two main bands are 10—20 n.m. radially 
closer to the center. It is not likely that the 
latter change had anything to do with the 
presence of the Bahama Islands on the 25th, 
since the 26th map put them in the same relative 
locations as the 25th. All these differences were 
independently suggested by the photographic 
maps, and we believe they had little, if any, 
origin in differences in radar instrumentation 
or usage. 

We conclude this section in strong support 
of the advocacy by JoRDAN ET AL. of the useful- 
ness of careful radar analysis in hurricane 
studies, with the further recommendation that 
the addition of synoptic photographic analyses 
would multiply the usefulness of radar many 
times. 


5. Asymmetries of convective structure in 
hurricane Daisy 


We have seen from all the cloud and radar 
maps studied herein that the southeast quadrant 
of Daisy was, throughout the three days, her 
most convectively active portion. Marked 
asymmetries in other variables, such as winds, 
temperatures, and humidities might be sought 
in consequence of this concentration of active 
convection. In this section, we presenta prelim- 
inary attempt to relate the observed tempera- 
ture field to the convective structure of the 
storm as depicted by our cloud maps. 

In Daisy, the asymmetry should be partic- 
ularly pronounced in the case of the 27th B 
flight (Figs. 4 and 13). Here the southern 
cloverleaf traversed an intensely active part of 


the storm, twice crossing the southeastern 
spiral cumulonimbus band, and the northern 
cloverleaf passed through a suppressed zone. 
The northernmost leg, in fact, passed largely 
between two stratus decks, with good visibility 
and little precipitation throughout. 

In Fig. 14 we compare the small-scale tem- 
perature structure on the suppressed northern 
leg and the active southeastern cloverleaf of 
this flight, using the records of the NHRP 
vortex thermometer, adjusted for altitude 
fluctuations. The top graph gives temperature 
(plotted every two seconds) as a function of 
time in the vicinity of 1700 Z, when the air- 
craft was passing from a relatively clear region 
(cirrus shield above) into a zone of broken 
stratus undercast. The temperature fluctuates 
less than + 0.5° C on each side of its average of 
about 3.5° C. The lower graph similarly gives 
temperature as a function of time on rounding 
the end turn (from northeast to northwest 
heading) of the southeastern cloverleaf, con- 
tinuing into the heart of the main rainband 
(dark region at 1850 Z on cloud map in Fig. 
13; hard core echoes on superposed red radar 
map). 

In the first place, it is obvious that the con- 
vectively active southern leg averaged 2— 
2.5° C colder than the suppressed leg. This is 
in good agreement with Woods Hole air- 
craft observations (MALKUS, 1958a) in normal 
trade winds and weak-to-moderate tropical 
storms, where it was found that cloud areas 
are consistently cooler than the intervening 
clear or suppressed regions, by 0.2—0.5° C in 
the normal situations and by as much as I— 
2° C under disturbed conditions. However, 
this by no means implies that active convection 
elements are virtually cooler than their imme- 
diate environment; that the very small fraction 
of visible cloud matter which is actively rising 
is usually also buoyant has been demonstrated 
by other Woods Hole observations (for ex- 
ample, BUNKER, 1959). Fig. 14 suggests that 
the hurricane rain area is qualitatively similar. 

On the active leg shown in the lower graph, 
which was all within cloud, relative darkness 
of the film is indicated below the temperature 
trace. We see that blackest portion of the 
rainband (1849 Z to end) averaged 1.5° C 
warmer than the surroundings, with a peak 
value of 3°C warmer at the edge closest to 
storm center. The clearly buoyant region ap- 
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Fig. 14. Upper graph shows temperature as a function of time (altitude-ad- 
justed vortex readings plotted at 2-minute intervals) on northern leg of north- 
ern cloverleaf of August 27th B-flight (Fig. 4, region around 1700 Z). Lower 
graph similarly shows temperature as a function of time for portion of 
southern cloverleaf on same flight near southeastern turn, where flight heading 
changes from northeast to northwest. The shaded region below denotes degree 
of blackness on film, which darkened markedly as heart of convective band 
was penetrated. Note pronounced difference in character, mean tempera ture, 
and fluctuations between upper (convectively inactive or suppressed region) 
and lower (convectively active region) temperature graphs. 


peared about 8 n.m. across, although the lag 
of the vortex thermometer (about 10 seconds) 
precludes its accurate definition or recognition 
of individual convection elements. 

These fragments in Fig. 14 are typical of 
the character of Daisy’s temperature structure 
and its relation to the cloud patterns. Suppressed 
flight legs were warm and showed little or no 
spatial fluctuations, while convective legs were 
cool, with marked hot and cold spots of 1.5— 
3° C amplitude. We conclude that radial 
averages of temperature from limited and 
necessarily arbitrary flight paths must be inter- 
preted with caution. The cloud maps provide 
a tool to investigate the sampling problem and 
to relate the convective structure to the thermal 
and dynamic features of the storm. 


6. Conclusions 


The primary conclusions to be drawn are 
four in number: 

1) The patterns of clouds associated with 
hurricane Daisy were remarkably persistent 
over the three days studied, in that the major 
cumulonimbus rows and cirrus shield were 
found in nearly the same coordinates relative 
to storm center over more than 48 hours and 
200 n.m. travel of the center. 
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2) While persistence was the major feature 
of Daisy’s cloud patterns, they also showed a 
slow and gradual evolution toward a sym- 
metrical distribution about the center, 
consistent with the maturing of the storm 
circulation. On the first day studied (August 
25, 1958) Daisy’s cloud patterns appeared 
transitional between those we have mapped 
in easterly-wave type, sub-hurricane disturb- 
ances (RIEHL, Gray, Marxus, and RONNE, 
1959) and those characteristic of the full 
hurricane or typhoon, in that the forward 
quadrants were significantly less convectively 
active than the rear (particularly the south- 
east). Symmetrization was achieved by grad- 
ual extension of the cumulonimbus rows 
and cirrus shield into the forward quadrants, 
with amazingly small changes elsewhere, 
except toward more buildups per line and 
extension of the convective area by appear- 
ance of an additional row at a larger radius. 
3) Penetrative convection was extremely 
restricted in area and occurred only in the 
major lines of cumulonimbus. On the forma- 
tion day about 1 % of the rain area (r < 200 
n.m.) was covered with “hot towers’, 
defined here as photographically well-defined 
cumulonimbi with tops above 37,000 ft. 
This figure had increased to 2% % on the 
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deepening day, and 4 % on the mature day, 
on which a total of about 200 hot towers was 
estimated from our sample. 


4) On all three days, we can fairly safely 
infer that the southeast quadrant of the storm 
contained roughly twice as many cumu- 
lonimbi as did the remaining quadrants. 
This concentration is reflected in the tem- 
perature field. In addition to posing a 
sampling problem, such asymmetry in con- 
vective activity may be of importance in 
hurricane dynamics and movement. 


These hurricane cloud maps, taken in con- 
text with our similar analyses of sub-hurricane 
perturbations (Riez, Gray, Markus, and 
RONNE, 1959) begin to suggest that each type 
of tropical disturbance has a characteristic 
arrangement of cloud forms which identifies 
it as a member of a species. Our study of Daisy 
raises the further possibility that, within the 
species, each storm may show a relatively per- 
sistent or slowly evolving character of its own 
which distinguishes it from other members of 
the same species, in a similar manner as do 
the physical features of a human being. If it 
proves sound, “fingerprinting” of atmospheric 
disturbances by cloud patterns may be valuable 
in interpretation of satellite photographs, which 
can be used to develop and test our suggestion 
further, and to explore its dynamic implica- 
tions. 
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Abstract 


In studying the axi-symmetric flow induced by source-sink distributions in a rotating cylindri- 
cal basin in the absence of radial barriers, a highly organized pattern of instability has been 
observed in the laminar Ekman layer along the bottom of the basin. The instability manifests 
itself in the form of almost perfectly concentric cylindrical sheets or curtains of water which 
rise as sharply defined vertical jets from the Ekman layer and penetrate the entire depth of 
fluid. A less sharply defined downward motion between the curtains completes the circulation 
celis thus developed. At some maximum critical radius, the curtains usually disappear, and the 
flow at larger radii is a stable, laminar Ekman flow. Quantitative observations of ring spacing 
and critical radius are reported for experiments in which angular velocity, flow rate, viscosity 
and total depth of water were varied over experimentally available ranges. 


Introduction 


It has been shown in an earlier paper in this 
journal (Stommel, Arons, and Faller, 1959) 
that it is possible to drive systematic circula- 
tions in a rotating basin by means of suitably 
distributed sources and sinks of fluid. This 
technique offers the possibility of studying 
flows in a homogenous system, without the 
complexities introduced by density gradients 
and convection phenomena in the presence of 
temperature fields. 

In studying the axi-symmetric flows induced 
by source-sink distributions in an “open” cy- 
lindrical basin (i. e. in the absence of radial bar- 
riers), we have observed a highly organized 
pattern of instablity in the laminar Ekman flow 
which forms a boundary layer in contact with 
the bottom of the basin. It is within this Ek- 


1 Contribution No. 1135 of the Woods Hole Ocea- 


nographic Institution. 
2 The rotating tank facility was constructed and 
operated under a grant from the Research Corpora- 


tion, 
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Fig. 1. Top view of tank showing concentric curtains of 
fluorescein dyed fluid rising from Ekman layer. Source 
at center of tank near bottom of photograph; rotation 
counter clockwise; relative zonal velocity v4 clockwise; 


Ekman layer spreading radially outwards. (Scale mark- 
ings in cm.) 
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Fig. 2. Side view through wall of tank, showing sharpness of rising curtains and Ekman layer along bottom. Center 
of tank is to left of photograph; dyed region spread from left to right. Jets at right look lower than those at left 
because upward velocities are smaller at radii approaching the critical radius. Multiple images are present because of 
reflections at bottom and at water surface, i.e. colored region, circles, and downward jets appearing in upper part of 
photograph are surface reflections of the interior flow. Upward velocity of curtains is about 0.7 cm/min. 


man layer that fluid is transported radially, 
either inward or outward, across isobars of the 
essentially geostrophic bulk flow in the interior 
of the basin. 

The instability manifests itself in the form of 
almost perfectly concentric cylindrical sheets 
or curtains of fluid which rise as sharply de- 
fined vertical jets from the Ekman layer and 
penetrate the entire depth of fluid (Figures 1, 
2) forming circulation cells with less sharply 
defined downward motions in the regions be- 
tween the upward rising curtains. The radial 
spacing between the rising curtains is highly 
regular and is a function of angular velocity, 
viscosity, and total depth of fluid in the tank, 
i.e. it is indicated to be a function of the Tay- 
lor or of the Ekman number. At some maxi- 
mum critical radius the curtains usually disap- 
pear, and the flow at larger radii is a stable, 
laminar Ekman flow; this points to the ex- 
istence of a critical Reynolds number for the 
development and maintenance of the instability. 

STERN (1960) has examined, theoretically, 
the stability of Ekman flows in a somewhat 
simpler geometry. His analysis predicts, at 
least qualitatively, the principal features of the 
instability we describe in this paper. 


Method of observation 


The experimental system consists of a cy- 
lindrical lucite tank, 130 cm diameter and 
about 30 cm deep, mounted on a carefully lev- 
elled rotating platform, driven by a synchro- 
nous motor through a Graham variable speed 
transmission. During experiments, a transpar- 
ent cover was placed over the tank to prevent 
the development of “wind driven” circula- 
tions. The “source” consisted of a measured 
flow of water supplied to a funnel mounted at 
the center of the tank. To reduce turbulence 
in the source region, this water entered a ver- 
tical cylinder with a diameter of twelve cen- 
timeters, mounted at the center of the basin in 
such a way that the source water could run 
radially outward around the bottom of the 
cylinder. 

The flow within the system was made visi- 
ble by using potassium permanganate or fluo- 
rescein dye in the source water. Photographs 
could be taken from above or through the side 
of the tank. Observations of the velocity of the 
zonal geostrophic flow in the interior of the 
basin were made by periodically photograph- 
ing the displacement of small particles or bits 
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of paper moving with the water (at the sur- 
face). 

Thermal circulations were minimized by 
performing experiments when tank water and 
source water were in equilibrium with room 
temperature. The latter was changed in order 
to change the temperature (and, therefore, the 
viscosity of the water) in certain series of ex- 
periments. Check runs at zero source strength 
showed no systematic circulations of the kind 
observed at non-zero source strengths; no local 
velocity noted at zero source strength exceeded 
0.09 cm/sec. 

In several runs, where the temperature of 
the source water was 1—2°C lower than that 
of the water in the tank, rings were observed 
as usual; in other words, the pattern occurred 
in spite of the thermal stability induced by the 
denser Ekman layer water. 

Experiments were performed at angular ve- 
locities of 1 to 2 radians/sec., source strength of 
I to $ cm?/sec., kinematic viscosities in the 
range of 0.007 to 0.012 cm?/sec., and water 
depths of about 2 to 12 cm. The laminar Ek- 
man layer under these circumstances has a 
depth of the order of 1 mm. 

In all cases, quantitative observations were 
made only after the system had had a period of 
the order of one hour in which to arrive at a 
steady state. 


Equations of the basic flow 


Using cylindrical coordinates r, &, z and tak- 
ing ¢ positive in the same sense as w, the an- 
gular velocity of the tank, we have: 

For the depth of water when the tank is 
rotating in static equilibrium: 


where hp is the depth at r = 0; D, is the depth 
of water when the tank is not rotating, and a 
is the radius of the tank. 


For the equations of motion: 


d Av 

= 2004= - ga tye (2) 
dv 

200; = y = (3) 
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where v, and vg are the respective components 
of velocity relative to the tank, n is the per- 
turbation in the height of the free surface, and 
y is the kinematic viscosity. 

These equations assume: (a) steady flow 
with negligibly small inertial terms, (b) hy- 
drostatic equilibrium in the vertical direction, 
(c) axial symmetry, i.e. no & dependence of à 
or 7, (d) negligible lateral friction, ic. negli- 
gible contribution from the lateral Navier- 
Stokes term vv2,0 where v2, is the horizontal 
Laplacian. (As will be shown subsequently, 


»v2d turns out to be identically zero for the 
solution obtained, which is therefore in reality 
a complete solution for the linearized Navier- 
Stokes equation in this case). 

The vertical boundary conditions are 


V,=Vg=0 (4) 
along z = 0, the bottom of the tank, and 
Ov, Mg 
ty hae sae 5 (5) 
along z = h, the free surface. 
The quantity a is carried as a parameter and 


is ultimately determined by the source and sink 
conditions at r =oandr = a and the require- 
ments of continuity. 

It is convenient to introduce the notation 


Serena 
a= (2) Pa: .=7 


The solutions of equations (2), (3), (4), (5) are 
then found by standard methods: 


2 dt 
zo dr 


E (2 u - ©) sin + sin (2 u - £) sinh | (6) 


cosh 2 u + cos 2 u 


E 5 cosh (24 - &)cos& + cos(2u - ¢)cosh | 


cosh 24 + cos 24 
(7) 


In these experiments y is of the order of 10 
to 50, and equations (6) and (7) reduce to the 
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simpler forms with the familiar laminar Ek- 
man spiral in the neighborhood of the bottom 
of the tank: 


Da M1 e-tsin¢ (8) 


ZU er 
van rit et cos C] (9) 


The vertically integrated radial and zonal 
volume transports V, and Vg become, respec- 
tively: 


= = nee dn d 3 

‘ en [sec., cm (10) 
Vee gh dn - 5] 3 

are E „em [sec., cm (11) 


dn. : 
For particular cases, En is determined by con- 


tinuity and source-sink conditions: 

(a) Source of Sy cm?/sec. at r = 0, and sink 
of equal intensity uniformly distributed around 
the periphery at r =a. Free surface neither 
rises nor falls, ie. vertical velocity 79 = 0. 


Continuity requires: 
271V,= So 


(12) 


and combination of equations (10) and (12) 
gives 


dn 205 
nee seg dr (13) 
then 
Lio! 
een (14) 


(15) 


and vg becomes essentially a 1/r vortex above 
the Ekman layer. 

(b) If the surface is allowed to rise or fall (i.e. 
the basin fill or empty because of the source- 
sink distribution), 79 0, and the equation of 
continuity requires: 


Aux eg 
( 


(16) 


Combination of (16) and (10) and integra- 
tion give: 


Ss lm 


r 


dr gd RR (17) 


where C is the constant of integration. | 
(c) If a source. S is uniformly distributed 
around the periphery, and V, =0 at r =0, 
we have: 
Masse 
No = en 3 G = O 
S 
27a 


SH d 
Be d AL 


Here vs represents a “solid rotation” above 
the Ekman layer. vg is cyclonic and the Ekman 
transport, V,, is radially inward for positive So. 

(d) If there is a point source Sy at r = o and 
V, = oatr =a, we have: 


(18) 


if 


(19) 


20S, 
zg 


yp soe aa 
Te maris a 


(23) 


Here vg above the Ekman layer is deter- 
mined by the superposition of a 1/r vortex and 
a solid rotation in the opposite sense in such a 
Way as to give vg = Oatr =a. 

One experiment has been performed with a 
peripherally distributed source (case (c)) to 
verify the prediction of eq. (19) that the zonal 
flow will be a solid rotation. A solid rotation 
was observed under these circumstances. 

All the observations of instability of the Ek- 
man flow were made with a central source 
(case (d)) for the situation described by eqs. 
(20)—(23). The physical interpretation or de- 
scription of this situation is as follows: The 
presence of a central source (positive Sy) must 


Tellus XIII (1961), 1 


INSTABILITY OF LAMIMAR EKMAN FLOW 


produce a uniform vertical velocity through- 
out the fluid as the surface rises. Water must 
be transported radially outward from the cent- 
ral source, and such transport can occur only 
in the frictional boundary layer. The source 
therefore induces a general anticyclonic zonal 
geostrophic flow with an Ekman layer at the 
bottom. A net cross-isobar transport of water 
radially outward (to the left of the zonal flow) 
takes place in the Ekman layer, the zonal geo- 
strophic velocities adjusting themselves to pro- 
duce the required transport and horizontal di- 
vergence in the Ekman layer. 

If the equations of motion were written to 
include the effect of lateral friction, eq. (2) 
would have on the right hand side the added 


term. 
i E 2 (2) _ À 
Thor \ dr E 

and eq. (3) would have a similar one in v4. So- 
lutions with radial dependence of the form r 
or I/r make this term identically zero. Thus the 
basic field solutions developed above are actu- 
ally solutions to the complete, linearized Na- 


vier-Stokes equations applicable to this prob- 
lem. 


(23 a) 


Quantitative verification of the basic flow 


The basic flow as described by eqs. (20)— 
(23) was verified quantitatively in two ways: 

(a) by direct observation of the zonal surface 
velocity vs for various values of w and Sp. 

(b) by direct observation of the rate of radi- 
al spread of the colored Ekman layer when dye 
was introduced into the source. 

A comparison of observed and predicted 
zonal surface velocities is shown in Figure 3. 
Each set of points, denoted by a particular 
symbol, represents the results at different radii 
for a particular run at some value of a, », and 
So. Instability of the Ekman layer was present 
in each run. Under the existing circumstances, 
however, the scatter of the data is within the 
range of experimental uncertainty. We are led 
to say that in these experiments the zonal sur- 
face velocities agree, within experimental er- 
ror, with the predicted basic field values, and 
it is not possible to assert a significant effect of 
the Ekman instability on the basic flow. 

A similar result is obtained for observations 
of the radial spread of the Ekman layer. Assu- 
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1 1 
0 o.1 0.2 0.3 04 0.5 0.6 07 0.8 0.9 1.0 
RADIAL POSITION 8=r/a 


REDUCED ZONAL SURFACE VELOCITY (- ey) 


Fig. 3. Scaled zonal velocity Uy VS. radial position, for 
various combinations of source strength and angular ve- 


locity 
ee + ITad 5 1 
eoretical curve: iS PT ß ß 
Experimental Runs 
Symbol (cm? sec) radians|sec) 

© Be 1.02 
x 632 2.01 
e 3.39 1.02 
A 3.30 2.01 
a 3.65 2.02 
ge 3.74 1.00 


ming that the visible radial spread will be de- 
termined by the maximum value of v, in the 
Ekman layer, eq. (21) gives: 


OB2ZIS WAL 
Vy max = Se (5 8) 


rad 


(24) 


where ß=r/a. Integration of eq. (24) gives: 


9 


nad 


t= 1.553 In (1 - 6?) 


(25) 


0 


where t = o when r = 0, and f is the time 
taken for a particle to reach radial position f. 

Figure 4 shows a semilogarithmic plot of 
(1 — 62) vs. t. Only one run of this kind was 
made, and the scatter of results from run to 
run is therefore not established, but the ob- 
served values are considered to be in good 
agreement with predictions, especially at val- 
ues of B of about 0.3 to 0.5 where the insta- 
bilities and their critical limit were usually ob- 
served. The uncertainty indicated for the ex- 
perimental points in Figure 4 stems from the 
fact that the outer boundary of the colored 
ring was not perfectly circular. 


We thus conclude that the basic flow field 
obtained in these experiments is in good agree- 


(1-8?) 


6) 5 10 15 20 29 


TIME t (MINUTES) 
Fig. 4. Radial spread of Ekman layer vs. time 
Theoretical curve: eq. (25) 
Experimental observations: 
= 1.79 radians/sec.; Sy = 2.42 cm?/sec. 
@ = 65 cm) 


Range of uncertainty indicates out of roundness of sprea- 
ding Ekman layer. 


ment with the values predicted by the analysis 
of the preceding section. Noticeable departures 
from simple laminar flow are, however, in- 
variably observed in two regions: (1) a turbu- 
lent region within a few centimeters of the 
center of the tank (2) a turbulent band several 
centimeters wide at the outer rim. In these re- 
gions the laminar flow is unstable, and turbu- 
lence penetrates the entire depth of fluid. Ap- 
parently the presence of these two turbulent 
regions does not seriously affect the basic flow 
regime in the interior of the basin. 
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Observed instability of the Ekman flow 


Figures 1 and 2 show typical top and side 
views, respectively, of the curtains of fluid 
which originate in the Ekman layer and pene- 
trate the entire depth of flow, The phenome- 
non is characterized by a “wave length”, A, or 
spacing between the curtains. of the order of 
1 to 2 cm. and by a critical radius r. beyond 
which the curtains do not occur. All the accu- 
mulated values of 2 and r, for various combi- 
nations of So, ©, h, and are y summarized in 
Table I together with accompanying values of 
Ekman, Taylor, Reynolds, Rossby, and Froude 
numbers. The specific definitions for the vari- 
ous numbers in the present context are indica- 
ted in Table I. 

STERN’S (1960) assymptotic analysis in Car- 
tesian coordinates predicts an instability of 
essentially the type observed in these experi- 
ments—a flow drawing its energy from the 
Ekman layer and penetrating the entire depth 
of fluid. He further predicts that the wave 
length of the resulting cells will be a function 
of the Taylor number, E (see Table I): 


À 


er t 
47 OE (26) 


Figure 5 shows a plot of observed values of 


25 


20 


REDUCED RING SPACING A/d 


Fig. 5. Reduced ring spacing, A/d vs. fourth root of Taylor 
number, Bue 


© Points from Table I for cases in which r, was reasona- 
bly well defined. 


Points marked (?) in Table I for cases in which r, was 
very poorly defined. 
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Table 1. Observed ring spacing and critical radii. 
ee 


Angular | Source Hg Averses Critical |Depth 

Velocity |Strength Base a Radius | Atr 
“ts Ss Viscosity] Spacing 0 

4 y X 10? À te : 

rad./sec. | cm/sec. | cm?/sec. cm. cm. cm. 
2.18 2.87 .983 0.87 27 3.40 
2.18 2:77 .971 1.38 38 9.20 
2.10 2.82 .915 7.20 29 5.40 
2.18 2.83 .983 Teor 28 4.40 
1.57 2.83 .925 1.65 BAR oars 
1.57 2.80 947 1.40 2 5.45 
2.18 2.76 1.140 1.20 22 3.90 
2.18 2170 .893 1.09 28 4.40 
1.57 2.85 .947 1.40 27(?) | 5.05 
1.92 2.76 .900 1.20 25 4.90 
1.64 2475 .906 1.40 50(?) | 8.20 
2.18 2.82 .901 0.70 30(?) | 4.05 
1.92 2.81 .932 1.08 24 3.80 
1.04 2.78 1.130 1.50 19 3:75 
2.18 2.87 .990 1.20 44(?) | 9.20 
1.04 2.85 .893 1.20 32 3.90 
2.32 2.81 .902 1.16 2 4.05 
1.04 2.80 .893 Te 2 4.15 
1.64 QUES -904 I.10 28 4.00 
1.64 1.52 .897 1.16 27 4.05 
1.64 3.52 .897 1.16 34 5.05 
1.64 4-25 .913 1.16 36 5.05 
1.04 2.67 1.165 0.9(?) 282), |. 3:85 
1.04 2.75 1.205 Teh) he Zora 5.70 
2.18 2.73 1.205 1.02) | 20(2) 3585 
1.00 4.00 1.060 1.6 27(?) | 5.05 
1.25 4.90 .960 Ze). SO (2) 19:30 
2.18 2.65 .810 TER 33 5.27 
2.18 2.82 110 0.96 30 4.76 


Reduced R à 
Ring Dimensionless Parameters 
Spacing Applicable to flow at 7, 
Ald 
1 | R.¢ | Ric €; | Jaye [Rex 10% Riis) 
13.0 2570| 2.80 | 141|.0197| 1.04 7.0 | 4.48 
20.7 | 19000] 1.59 | 221] .0072] 0.76 2.80 114-37, 
18.6 6940| 2.70 | 225] .0120| 0.75 6.0 | 4.73 
18.0 4330| 2.65 | 174|.0152| 0.86 6.3 | 4.42 
21.5 14200] 2.06 | 245] .0084| 0.32 4.6 | 4.70 
18.0 4890| 2.24 | 157] .0143] 0.48 5.5 | 4.54 
16.6 2920| 3.10 | 168] .0185| 0.60} 10.2 | 3.71 
E70 4750| 2.91 | 201] .0145] 0.86 6.6 | 4.74 
18.0 4210| 2.89 | 188] .0154] .037 8.3 | 4.62 
17.5 5110| 3.40 | 243] .0140] 0.48 9.3 | 4.70 
18.8 | 12100] 0.80 | 80|.0091|0.84 1.2 | 4.65 
10.9 3960| 2.62 | 165] .0159] 1.07 5.6 | 4.80 
15.5 2980| 3.46 | 189|.0183|0.57| 10.0 | 4.63 
14.4 1290| 3.65 | 131] .0278]0.11] 20.0 | 3.77 
17.8 | 18800] 1.10 | 151] .0073] 1.02 1.7 | 4.45 
73.2 1840| 2.37 | 102] .0233]0.29] 6.7 | 4.90 
14.0 2400| 2.35 | 115|.0204| 0.45 6.1 | 4.78 
15.2 3160| 2.75 | 154] .0178| 0.56 7.0 | 4.81 
14.8 2920| 2.20 | 119} .0185] 0.54 5.8 | 3.62 
15.7 3020] 1.67 | 92|.0182|0.49 4.6 | 2.60 
15.7 4630| 2.67 | 181] .0147] 0.63 7.82 10:02 
15.5 4570| 2.85 | 193] .0148| 0.70 5. 7.14 
8.5 1320| 2.13 | 77|.0275| 0.22 8.0 | 3.52 
11.2 2240| 2.33 | 110|.0211|0.15 9.6 | 3.50 
13.5 2680| 3.25 | 168] .0193] 0.50] 12.1 | 3.47 
15.5 2400| 3.71 | 182].0204|0.15| 14.2 | 5.80 
2307; 11300| 1.32 | 140] .0094] 0.43 230117283 
18.1 7560| 2.49 | 216|.0115| 1.00 3:05:02 
16.8 6940| 3.23 | 269|.0120| 0.92 6.2 | 6.04 


Dimensionless parameters at rc: 


Taylor no. Bao 
v 
1/v\+ 
Ekman no. a ee 


Reynolds no. for Ekman layer: 


Vid aS 


mis a rc 
REC= v vna\r a 


RE(19)= Reynolds no. at r=19 cm. 


: versus EV*, taken from Table I. (The local 


Taylor number of the flow varies with r, but A 
is uniform within a few percent in the region 
where the rings occur. It seems reasonable to 
take as the characteristic Taylor number for 
any given case that value which obtains at the 
critical radius r.). 

We do not have enough data or attempts at 
identical repetition of experiments to state pos- 
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Reynolds no. for interior flow: 


vche REC 
RCE = 
v € 
rc)? 
Froude no. Fx! co) 
ghe 
v Rec [v 
Rossby no. R=—= =) 
rc re \@ 


(2) denotes poorly defined values 


itively whether the scatter of points in Figure 
5 contains systematic dependence on other 
parameters or represents the intrinsic variabili- 
ty of the observations. Assuming the latter, 
the observations scatter about a straight line 
represented approximately by 
POY Sy 


d (27) 


This is consistent with Stern’s asymptotic 
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Fig. 6. Downward circulation between rising curtains: 
Intense rings are the rising jets; fainter rings at 19 and 20 
cm. marks, between the more intense rings, mark down- 
ward circulation of dye shortly after it reached the water 
surface. Marks of downward circulation between rings 
closer to center have become more diffuse since dye re- 
ached these regions several minutes before instant of pho- 
tograph. Upper left hand corner of photograph shows 
band of turbulence along outer rim of tank. 


result for the simpler geometry. Two Rey- 
nolds numbers at the critical radius r, have 
been tabulated in Table I. The Reynolds num- 
ber Ric of the interior geostrophic flow varies 
widely and shows no discernable correlation 
with other parameters. The Reynolds number 
Rec of the Ekman flow, when questionable 
values of r. are omitted, lies in the relatively 
narrow range between 1.6 and 3.6, (the extreme 
range of values of this number for various 
radial positions in these experiments is of the 
order of 0 to 10). The apparent correlation of 
the onset of rings with a narrow range of 
values of Rec implies that the instability draws 
its energy from the Ekman layer rather than 
from the geostrophic flow, and this view is 
also consistent with Stern’s analysis. 

The last column in Table I gives values of 
the Reynolds number of the Ekman layer at a 
radius of 19 cm, which was usually about the 
mid-region for the occurrence of the vertical 
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sheets. Comparison of values of Reig) with 
Rec will indicate the extent to which the 
Reynolds number at the critical radius is 
exceeded in the interior of the region of in- 
stability; this might be an index to the impor- 
tance of finite amplitude effects in this region. 

In general, downward circulation between 
the rising curtains was considerably less sharp 
and intense than that of the rising phase. A top 
view, showing evidence of the downward 
motions, is shown in Figure 6. The fainter 
rings, when observed from the side of the 
tank, were seen to be moving downward, and 
do not represent a rising mode of smaller 
wavelength. Both upward and downward 
motions were also observed when dye was in- 
jected very slowly from capillary probes insert- 
ed at various points in the body of the flow. 

The upward velocities of the curtains are 
roughly 0.7 cm/min., i.e. an order of magni- 
tude of about 1 % of the basic zonal velocity. 

On some occasions a fairly regular, small 
scale, zonal wave or vortex structure was 
formed on the rising curtains. An illustration 
of this effect is shown in Figure 7. This phenom- 
enon did not seem to correlate with system- 
atically outlying values of either of the cal- 
culated Reynolds numbers; in a substantial 
number of cases the waves did not form in ex- 
periments conducted at Reynolds numbers 
higher than those in which waves were observ- 
ed. The waves appeared to occur somewhat 
more frequently however in experiments at 


Ss 


Fig. 7. Illustration of small scale zonal disturbances which 
were occasionally observed. Although these waves could 
not be unequivocally correlated with relatively high Rey- 
nolds numbers, they seemed to occur somewhat more 
frequently at high source rates and low viscosities. 
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higher source strengths or at lower viscosities. 
No rings or curtains were observed to form 
in several experiments performed at tempera- 
tures below 13°C., i.e. at kinematic viscosities 
greater than about 0.012 cm2/sec.; in these 
cases the Ekman flow was laminar and stable. 

Since the ranges of variation of w and h 
are limited by the design of the existing equip- 
ment, it has not been possible to vary these 
parameters over a wide enough range to test the 
expectation that the cut-off of the ring pheno- 
menon depends on a dimensionless parameter 
and is not determined solely by the higher 
viscosity of the water at the lower temperatures 
Every effort, however, has been made to 
perform the experiments under conditions of 
temperature homogenity throughout the tank 
and at temperature equilibrium between the 
tank and the room. The tank was carefully 
covered to minimize both wind and evapora- 
tion effects. The experiments were performed 
in the winter time, and when low temperature 
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runs were underway, the room itself was 
cooled to the temperature of the run by 
turning off the heat. If any error in maintai- 
nance of inhomogeneity existed, it was more 
probably in the direction of allowing the 
existence of vertical stability in the body of 
water in the tank. 

In a few instances, rings did not form under 
conditions in which they normally occurred. 
Disturbances such as jarring the tank and 
briefly interrupting the source flow then led to 
the formation of rings—sometimes in compet- 
ing sets at different radii, the competing sets 
then shifted and wandered somewhat until 
they interlocked into a normal pattern. 
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Abstract 


The development of wave motions in a jet-like westerly current is examined on the basis of 
approximate solutions for the wave motions in a two-level, quasi-geostrophic model. Solu- 
tions of the characteristic-value equations show that two different types of amplifying waves 
may exist. Both types of amplifying wave motions are connected with a transformation of poten- 
tial energy to kinetic energy. One of the types is found to be connected with a significant 
transfer of perturbation kinetic energy to mean zonal kinetic energy. Changes of the mean 
zonal flow caused by the eddy meridional transport of sensible heat and momentum are com- 
puted, and demonstrate the existence and the effects of the forced mean meridional circula- 
tions. Considerations of the modifications of the generation of perturbation energy connected 
with the modifications of the mean zonal flow indicate that the actual motion will have the 


character of a fluctuating state. 


Introduction 


One of the fundamental problems in theo- 
retical meteorology has been the explanation 
of the origin and dynamics of the large-scale 
disturbances in the westerlies. Theoretical in- 
vestigations by CHARNEY (1947), EADY (1949), 
Fyortorr (1950), Kuo (1952), and PHILups 
(1954) have shown that small-amplitude waves 
may amplify in consequence of the instability 
of the zonal baroclinic current. For the typical 
atmospheric conditions the waves will grow 
with a significant growth-rate for wavelengths 
of the order 3,000 to 6,000 km, and the 
theoretically determined kinematics of the 
amplifying waves seems to agree quite well 
with the kinematics of many actual developing 
disturbances. Especially the wave motion is 
connected with an ascent of warm air and a 
descent of cold air, and the corresponding 
decrease of potential energy must be considered 
as the main source for the kinetic energy of 
the disturbances. 


A fundamental limitation in the theoretical 
investigations of the long baroclinic waves 
has been the neglect of the meridional varia- 
tion of the zonal current. In the atmospheric 
westerlies there is normally a considerable 
variation of the mean zonal wind with lati- 
tude, in typical cases with a pronounced wind 
maximum. It is the aim of the present paper to 
investigate the mutual interactions between 
the mean zonal flow and the long baroclinic 
waves by considering the wave motions, 
which may develop in a zonal current with an 
idealized jet-like variation of wind, and by 
considering furthermore the fluctuations of 
the mean zonal flow, caused by the wave 
motions and the forced mean meridional 
circulations (cf. Pics, 1954). The solutions 
for the amplifying wave motions are obtained 
on the basis of rather crude approximations, 
considering the motion in a two-level, quasi- 
geostrophic model, and describing the merid- 
ional variation of the waves by a finite sine 
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series. In a recent theoretical study by CHARNEY 
(1959) of the general circulation a similar 
approach has been used for obtaining solutions 
for the wave motions in a broad band of 
westerlies, resulting from a simple meridional 
variation of heating. 


I. Basic equations 


In investigating the development of long 
waves in a zonal flow with both vertical and 
horizontal shear, we shall assume that the 
motion is adequately described by the adia- 
batic, frictionless, and quasi-geostrophic equa- 
tions for a two-level model (CHARNEY and 
PHILLIPS, 1952). With some slight additional 
simplifications, these may be written 


(Ger) La=o (r) 


(Frve-v Gtf+z ono (2) 


(+) (1-4) - use 0 (3) 


The subscripts 1, 2, and 3 refer to quantities 
at the constant pressure levels p,, po, and ps, 
respectively, with p3- pa=p2- p1=44p. The 
motion is described in a cartesian coordinate 
system (x to the east, y to the north), v is the 
horizontal gradient operator and v the geo- 
strophic velocity vector. w denotes the indi- 
vidual time rate of change of pressure, and ¢ is 
the geopotential. The relative vorticity is deter- 


mined by its geostrophic value, ¢ =f v2¢. The 


Coriolis parameter, f, is considered to be a 
constant except in the term v- vf, where we 
of 
dy 
the potential temperature, the quantity x? is 
given by the formula 


poe! 


EEE ec ALIEN 


P1 — Ps th — 63 


and is considered as a constant, representing 
typical atmospheric conditions. Assuming that 
the values of w become relatively small in a 
layer a little above the tropopause, we shall 
interpret the levels pı, ps, and ps as the 400-, 
600- and 800-mb levels, respectively. 
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assume that 8 =constant. With # denoting 


In the case of a zonal basic current without 
meridional shear the two-level approximation 
leads to very simple solutions of the pertur- 
bation equations for the wave motion, a fact 
which has been utilized by Pacs (1954) 
in a detailed study of the properties of the 
growing waves, especially regarding their 
effects upon the mean zonal current. In the 
following we shall apply equations (r), (2), 
and (3) to perturbations of a basic zonal flow 
with the velocities U, and U, being functions 
of y. Indicating perturbation quantities by 
primed letters, and neglecting terms of second 
order in the perturbation quantities, equations 
(1), (2), and (3) may be combined into the 
following two equations 


a 3 ’ d : 
Re 2 rare LH 2 ef pau 
FA ee $1) nee Ox ee dy? dx i 


3 , > , , , 
+p mu, P(E + UE) =o 


AU 


a a EU de: 
Bae DEREN EAN de SAS 
ah Pa #95) + Us 2x va dy? 0% 


y) LA ih LA y) LA 
+B ae —2U, _ + #2 (= + Us =) =o 
(5) 


These equations are satisfied by wave solutions 
of the form 


Hallen, j=13 (0 


with the understanding that the real parts of 

the solutions represent the physical quantities. 

In general «, and «x; are complex functions of y. 

The quantity w is connected with the wave- 
27 


length, L, by the relation pas For a fixed 


value of u the possible values of c are deter- 
mined as solutions of the characteristic-value 
problem. If c is complex, c=c, + ic, the expo- 
nential factor in (6) becomes 


elicit elt (x = t) 


The second factor represents a wave travelling 
in the x-direction with the constant velocity c,. 
The first factor means an exponential increase 
or decrease of the amplitude, according as c; 
is positive or negative. Inserting (6) into the 
equations (4) and (5), we obtain 
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+x2(U, 2) a, —x2(U;—c)a,=0 (8) 


Geometrically we shall represent the zone 
of the extra-tropical disturbances by the condi- 
tions 

osysD 
where D is of the order 6,000 km. For the 


mean zonal flow it is then appropriate to 
consider the following simple jet-like structure 


U;=B;(1 - cos 2Ay), j=1:3 (9) 


a 
where B, and B, are constants, and A=5 


As boundary conditions for ¢’ we shall require 


that 
$1 = $3=0 (10) 


which exclude any geostrophic inflow or 
outflow through the southern and northern 
boundaries. In view of (10), the general solu- 
tions of the system of equations (7) and (8) 
may be written as the series 


at y=o and y=D 


a= dai” sin(nAy, n=1,2,3,- - -(II) 
n 


Inserting the expressions (11) together with 
(9) into (7) and (8), we obtain the following 
system of relations 


{E (au? - 29), +212B, - B- 
— (u? + A? + x?) d ay? — 42 (3 B, - ) ag — 


I 
= 5 {ur + 54?) By + ?B} a? + : x°B, x5” = 0 


ie x? (3 Bs Ke c)a + IE (342 = 22) B; + 


Ww 


sie 2B, - B - (u? + A2 + x?) clog» + 


+ = x2B3 a? - = {(u? + 5A?) Bg + #2B,} as? = 0 
(u + 422) B, + Ba — B - 
— (u2 + 4A? + x?) c} oh - x?(B, - c) ag? — 
~ = {tue + 122) By + “2B, lai + = 7B a = 0 
— x?(Bs — c) a? + { (u? + 42?) By + x? B, — B- 


I 
— (u? + 42 + x2)c} a + = 2B, a — 


= 2 {(u2+ 1222 B, + x2B;} a = 0 
Dis 


= [{u? + (n° - 4n)A?} B, + 2B,] af? + 


+ = Bar» + {(u? + n242)B, + 
+2°Bs — B - (u? +n?222 +x?) ch of — 
— 2 (By La c) og” a, 


~=[{u2 + n? + 4n)A?} B, + x2B,] af * ? + 
SALUE 


I 
2 (n + 2) _ 
+> x°B, a =0 


= 0B, an» — = [{u? + (n? — 4n)A?}B + 


+x2B,] a2 - 2 (B, —c) ac + 


+ {(u? + 2A?) B, + 2B, — B - 
I 
— (u? + n222 + #2) cho += 22By or + D — 
2 
I 
3 u? a (n? Sg 4n)/?} Bs + xB, | as" ED 


It is seen that this system of equations may be 
separated into two independent parts, the one 
containing only a” and «{” with n odd, the 
other only «{” and a” with n even. Conse- 
quently we may treat separately those waves 
for which &; is either symmetrical or anti- 
symmetrical in y with respect to y= 4D. In 
the following we shall consider only the 
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symmetrical waves, as it is in this case we find 
the solutions, which may represent the growing 
disturbances. 

Breaking off the series (11) at n = N (N odd), 
we obtain from (12) a system of N-+1 linear 
equations, which determine, for a given basic 
flow and wavelength, the possible values of c 
and, apart from an arbitrary factor, the 
corresponding values of the N+1 unknowns, 
af, af, af, a, — — —. The exclusion of 
all terms with n larger than N from the series 
(11) involves the actual assumption that the 
characteristics of the long growing waves 
can be studied to some extent, even if all com- 
ponents with wavelengths in the y-direction 


smaller than = are neglected. In so far this 


assumption seems to be consistent with the 
use of the quasi-geostrophic, two-level model, 
as this model is likely to be a usable approxima- 
tion only for motions having rather large hori- 
zontal scales. A certain justification of the 
assumption may be obtained from considera- 
tions of the initial-value problem, if we take 
into account only initial states of the pertur- 
bations having almost all the kinetic energy 
in the components with the longest wave- 
lengths in the y-direction. The development 
of the perturbations according to the equations 
(4) and (5) may then be described with a fair 
approximation up to a certain time on the 
basis of the total set of characteristic-value 
solutions, obtained from (12) with a finite 
number of terms in the series (11). From this 
point of view the problem about the devel- 
opment of disturbances in a barotropic flow 
was treated in a previous paper (ELIASEN, 19 54). 


2. Numerical solutions for the wave motion 


For the numerical treatment of the equations 
(12) it seems appropriate to introduce the 
following non-dimensional quantities 


EE 
=> 
42 
RR 
a 
SEIEN 
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Thus the part of (12) containing «” and af 
with n odd may be written in the case N = 5 


{E (3k? ~1)q+20 Sy (kee T +0)| af) — 
~o( 3 +) asp == {ff + 5)q + 06} af + 


I 
+—oqu = 0 
2 


+ {Eke -1)+209-Y -(R?+ 1 +a)r} as 


I I 
+> oa» Hees Og} a =10 


~ = {(Re —3)qto}a += aga ne 
2 2 
+{(k2+9)q+o-—y —(k? +9 +6)t}a® — 


- o(g-T)a® {ee +21)g+0}a® + 
ee 
+= 0q%3” = 0 


I aD Fol -3 +og}o? -o(1 -T)a® + 


+{k? +9 +0q-y —-(k2 +0 +0)t} a + 


I \ I 
C3) 2 (5) — 
+= om pats +21 +oq} aS = 0 


= {(k2 + 5)q +o} a® += og i 


+{(R+25)qto-y -(E +25 +o0)t} of? — 


—0(g= Ta =0 
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= caf = + 5 + og} a9 — 
-o(1 -T)af + 
+{k?+25+09-y-(kR?+25+0)T}a” =o 


(13) 


With U, and U, fixed from the mean zonal 
velocities about the 400-mb and 800-mb levels, 
respectively, we shall assume that q=3. Fur- 
thermore the basic state shall be characterized 
by the value x? =3 x 10-1? m-?, corresponding 
to quite normal atmospheric conditions. Thus, 
with D=6,000 km we have o=10.8. Taking 
B=16x10-1? sec-1 m7}, corresponding to a 
mean latitude of 45°, the value of y becomes 
equal to the value of o, when B;=51/3 msec~}, 
which from observed zonal velocities seems 
to be a quite reasonable value of B;. With the 
stated values 


q=3, 0=y=10.8 


the characteristic values of t have been deter- 
mined for different values of k, i.e. for different 
wavelengths, in the cases N=1, N=3, and 
N=5. For k=3(L=4,000 km) we obtain 
IN siete 2,,02.082.0.73[07 


NES; 028 108011, 0.0.02 = Ove 71. 


N= 5: T=2.912 + 0.686i, 1.901 + 0.3321, 
0.369, 0.674 
and for k =2.4 (L=5,000 km) we obtain 


N=1: 7= 1.644 + 0.5791 


N=3: T=2.335 + 0.8541, 0.795 + 0.288i 
N=5: 7=2.783 + 0.7321, 1.624 + 0.5081, 
0303 10527 


The solutions in the case N=3 involve a neglect 
of the components of the disturbances with 
wavelengths in the y-direction equal to and 
smaller than 2,400 km, whereas N=s means a 
neglect of components with wavelengths in 
the y-direction equal to and smaller than 1,700 
km. 

According to (6), the growth-rate of the 
waves may be expressed by the quantity wc. 
Fig. 1 shows for wavelengths smaller than 
6,000 km the values of jc; in the cases N=3 
and N=s, computed from uc=—kAB,r, still 
with D=—6,000 km and By=s!/, msec-1. 
It is seen that for wavelengths larger than 
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Fig. 1. Growth-rate of the waves as function of wave- 
length for the solutions obtained with N = 3 and N = s. 


about 3,500 km, we have two groups of solu- 
tions representing amplifying waves (cf. 
CHARNEY, 1959). The maximum amplification 
corresponds in the case N=3 to a time of 
26 hours, and in the case N=s5 to a time of 33 
hours for a doubling of the amplitude. The 
velocity of wave propagation, c, is determined 
as the real part of t multiplied by B;. For each 
group of solutions corresponding to amplifying 
waves, c, is decreasing slightly with increasing 
wavelength. The values of c, occurring for 
wavelengths from 3,000 to 6,000 km may 
therefore be represented quite well by the 
numerical solutions for t given above. 

A likely physical interpretation of the in- 
stability conditions may be obtained by a 
comparison with the simple case of a zonal 
flow without horizontal shear (cf. PHItus, 
1954). From this it may be concluded that 
the absence of instability for the smaller wave- 
lengths is due to the stabilizing effect of the 
static stability, an effect which increases with 
decreasing scale of the disturbances. For the 
larger scales, on the other hand, the stabilizing 
effect connected with the variation of the 
Coriolis parameter becomes dominating. An 
increase of the thermal vind, U,;—Us, results 
in a general increase of the instability. From 
these physical effects we may infer immediately 
about the influence of the different parameters 
entering in the above determination of the 
amplification of the waves. 

In so far it seems most likely that for each 
wavelength the wave solution with the largest 
growth-rate will dominate statistically the 
development of a disturbance. Depending on 
the initial formation, however, the develop- 
ment of a disturbance may also be influenced 
essentially by the wave solution with the 
smaller amplification. Especially this may be 
the case for the longer wavelengths, for which 
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the difference in growth-rate for the two 
groups of solutions becomes relatively small. 
In the following, therefore, we shall examine 
the characteristics of the growing waves by 
considering both groups of solutions. 

For fixed values of the parameters q, 0, y, k, 
and a corresponding characteristic value of r, 
we may obtain from the equations (13) the 
solutions for «{” and af”. In accordance with 
(6) and (11) we may write the resulting solu- 
tions for & and 43 in the form 


di = Age“ [fa sin Ay + a® sin 3Ay + 
“ip a sin sy} cos {u(x — Gt)} 
+ {b sin Ay + b® sin 3Ay + 
+ b® sin sAy} sin {u(x - ct)}] 


(14) 
As a representative value for the wavelengths 
of the long baroclinic waves we shall use L= 
5,000 km, corresponding to k=2.4. For the 
solutions obtained with N=3 the values of 
a™ and b® are given in Table ra, and for the 
solutions obtained with N=s in Table ıb. 


Table ra. Values of a and a” for N=3. 


| T= 2.335 +0.8541 T= 0.795 +0.2881 


TEs 


3 I 3 
ar) 0.601 — 0.420 2.411 0.710 
oy — 1.856 0.862 | —1.453 | -0.428 
am) 1.000 — 0.418 I.000 0.599 
oe 0.000 | -0.122 0.000 0.292 


The values are given in the way, that A, 
becomes the amplitude of the component 
with n=1 at the lower level and at the time 
t=o. From the values we may realize the 
relations between the different components 


Table ıb. Values of 
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of each solution. In order to represent more 
directly the resulting structure of the waves, 
the expression (14) may be written 


$j = Aoe“ta;(y) cos [u{x —8;(y)L-ct}] (15) 


For the solutions given in Tables ra and 1b, 
the values of a;(y) and 6;(y) are listed in 
Tables. 23 and 2b for y=1D)y=4 D 2D; 
and y=1D, 3D. In each case the zero of x is 
chosen in the way that ö,=o at y=4}D. 
The values in the tables illustrate clearly the 
vertical tilt of the waves and the differences 
between the two groups of solutions, con- 
cerning the meridional variations of ampli- 


tude and phase. 


3. Energy transformations 


The energy equations adapted to the quasi- 
geostrophic two-level model has been for- 
mulated by PHILLIPS (1954, 1956). As a measure 
of the kinetic energy we may define 


DAL 
Kaa ff itt tei +9 dedy (16) 
0 0 


where u denotes the eastward and v the north- 
ward component of the geostrophic wind. As 
representing the potential energy we may 
consider 


Pap [une (17) 


The kinetic energy and the potential energy 
may cach be divided up into a part representing 
the energy of the mean zonal current and a 
part representing the energy of the pertur- 
bation, 1.e. 


K=k +K'vand P=eP+P 


a and u for N=5. 


| T= 2.783 +0.7321 


T= 1.624 + 0.508 


n | I 3 5 I | 3 5 
ee SS a ee ee ee | a ee | ee 
a”) 0.100 — 0.680 0.505 1.599 = 0.224 — 0.302 
pr) 21105 0.834 — 0.306 2159 0.224 0.356 
a”) I.000 — 0.756 0.271 I.000 0.302 — 0.388 
by 0.000 — 0.134 0.092 0.000 — 0.071 — 0.092 
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Table 2a. Meridional variation of amplitude and phase. N=3. 
Beste Loe ie eee eee ee + 


T= 2.335 +0.8541 


T= 0.795 +0.2887 


N 4D,3D. | 4D, ED D 1D 3D") | ED D 
ee ee ee ER ee ee ee 
a, 2.90 1.69 0.14 | 1.99 2.44 2.24 
à 0.00 — 0.01 — 0.23 0.00 0.00 0.00 
CA 1.66 0.87 0.15 0.50 0.87 I.14 
63 0.21 0.19 0.04 — 0.01 0 00 0.13 


cle La eal ec EE RE LE RS RE PR RE Eee RE ee 


Table 2b. Meridional variation of amplitude and phase. N=5. 


Po ee ee Re re EL, em oo _ eu el 


T= 2.783 +0.732i 


T= 1.624 +0.5081 


y | 1D 1D, 2D 1D, 3D D 1D, 2D 1D, &D 
a, 2.85 1.02 0.38 2.53 2878 0.80 
ô, 0.00 — 0.13 — 0,32 0.00 0.00 — 0.01 
LA 2.04 0.64 0.15 0.31 1.20 0.62 
63 0.19 0.16 — 0.22 0.14 0.16 0.12 
with 2 SIE ESA 
D I JE on), _ (us 2) 
+— | yu +7 dy (23) 

== I nn 1 3 
RK, [md (18) u dy dy 

à D 

is Pr ae Sue. Sa Sas dP 1 x? Rie SUE SU 9 (8. - bs) d 
Kas [26 +i) +ué +03')dy (19) ED PP va(gi = $s) TUE (24) 
0 
0 
D 5 D 

D I IE Ton or Se; dP’ I Sa En 
Pap ap hs = ds)" dy (20) dt 5 | Hb = $s) dy — 

4 0 

D 


Pas | CL (en) 


where the bar denotes mean values with 
respect to x. 

The time rate of change of the different 
energy forms may be obtained from equations 
(1), (2), and (3). Leaving out of consideration 
any mean meridional circulation, we get 

D 
LA 4 ie; ! 
aK sie ive: ea (22) 


I ee ÉTAT 7 0 (6 = 6 ) 
EC — $5) RS te dy (25) 
0 
By adding these equations, we obtain the joint 
energy equation 


| 
4 (K+K'+P+P)=0 (26) 


expressing the conservation of the total kinetic 


and potential energy. In equations (22) and 
(23) the expression 


| 
es | 
fm 2. a) dy 


dy dy 
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represents a transformation of mean kinetic 
energy into perturbation kinetic energy, in 
equations (23) and (25) the expression 


px | =F dy 


0 


represents a transformation of perturbation 
potential energy into perturbation kinetic 
energy, and finally in equations (24) and (25) 
the expression 


1 2 (or —— 9 (dı - 3) 
ND Pacers ote rege 


0 


represents a transformation of mean potential 
energy into perturbation potential energy. 
From these expressions we may study the 
energy transformations connected with the 
amplification of the waves considered in the 
foregoing. From the solutions for these wave 
motions, however, we may also compute 
the time rate of change of the perturbation 
kinetic and potential energies directly as 


dK’ , 
LL == 2uGK (2 7) 
dP’ : 
773 = SUP (28) 


Inserting the expressions (14) for ¢; and 
¢, into (19) and (21), we get 


14 22 I 2 2 2 2 
K “Fi = [(k? + 1) {a + BE + af + + 
+ (k2 + 0) {A + DE + aS + bP} + 

+ (k2 +25) {a{® + bO&* + aS” + bY*}] (29) 


and 
Re @) _ az (D _ paye 
Pom Fy ABS [Ga any + {00 — DP} + 


en {ay = ate ae {b> = pias Er 
= dan) = aa ae {69 Æ b5}] 


(30) 
where A=Aye#“'. For the solutions given in 
Tables 1a and rb the distribution of kinetic 
and potential energy on the different wave- 
lengths in the y-direction, indicated by the 
upper index, is listed in Table 3. In each case 
the values are given with the total perturbation 
kinetic energy as unit. 
dK’ d dP’ 
Feary 
may be computed from the values of K’ and 
P’. With #; given by (14), the expressions (22) 


According to (27) and (28), 


and (24) for = and ue respectively, become 


hz 2 
nal ot ets BY [q {a® 5D — aD DD + 


25 5) (a> b® = ge bi>)} + ao bo Ss ay? bs? ae 


+ 2 (dP 49 — a? 5] (31) 


= > Bs A2 (q a [3 {a bi» — am HD} + 


+2 fa bo Le a © ate qe b> = a bY ai 
ae a bo — ay bo Pr aD b® 24 a bi» 2e 


+ 0 — g® [© + a bO — ab] (32) 
For the wave motions given in Tables ra and 
tb the time rate of change of the four energy 
forms is tabulated in Table 4. The values are 
given in units of total perturbation kinetic 
energy per day. It is seen that in each case the 


Table 3. Distribution of kinetic and potential energy on the components with different wavelength 
in the y-direction. 


| Kw | Ko | Ko | K’ | pw | p® | Pp | Pp 
Nees T= 2.335 + 0.85427] 0.66 0.34 — 1.00 0.80 0.21 — I.OI 
T= 0.705 +0.288i| 0.78 0.22 == 1.00 0.58 0.07 —— 0.65 
N=5 T= 2.783 +0.7321| 0.34 0.44 0.22 I.00 0.51 0.17 0.04 0.72 
T= 1.624 +0.5081 0.79 0.04 0217 1.00 077 0:00 0.03 0.86 
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Table 4. Time rate of change of the four energy forms in units of total perturbation kinetic 
energy per day. 


PR eee) ee Er a an AI en 


dP ap’ dK’ dK 

dt dt dt dt 
N=3 T= 2.335 +0.8541 — 2.07 I.00 0.99 0.09 
T= 0.795 +0.288i — 0.53 022 0.33 — 0.02 
N=5 T= 2.783 +0.7321 - 1.78 0.61 0.85 | 0.32 
T= 1.624 +0.5081 et 0.51 0.59 0.04 


increase of the perturbation kinetic energy is 
connected with a decrease of the total poten- 
tial energy. A part of the loss of zonal poten- 
tial energy is restored as perturbation potential 
energy. According to (23) and (25) the actual 
generation of perturbation kinetic energy 
from perturbation potential energy is achieved 
by a positive correlation between - w, and 
di - ps, i.e. by a rising of warm air and a 
sinking of cold air. For the wave motion with 
the largest amplification a considerable part 
of the generated kinetic energy is organized 
into the mean zonal current, especially when 
we consider the solution, in which the com- 
ponent with wavelength ? D in the y-direction 
is taken into account. 


4. Eddy transport of sensible heat and mo- 
mentum 


According to (24) and (25) the transfer of 
zonal potential energy into perturbation 
potential energy is connected with a meri- 
dional eddy transport of sensible heat. In 
view of the geostrophic approximation we 
may consider. 


LUV) rh Vip (33) 


as a measure of this transport. With d; given 


by (14), we get 


— ph 
D De ge 


I 
fh La 
+ a LS) > a DS) Ar a® LS es, ay” Ba) u 
ate fag? bo = AbD Au a> by = a 5 aE 


8 a) pe re a bP a a? Ls = a b® sti 


[fa b> = as” ba ati 


+4? b© aD} cos 2Ay + {a © - a bP + 
ae a ba = 4 LS of di 1 = am) 5 LE 

& g bY er a by cos 4hy at id DS) = ae? b+ 

+ dP bY = db + a © — aL} cos 6Ay + 

+ {4 — aL + a LO — aL} cos 8Ay + 


+ {a® BP - db} cos 1047] (34) 


For the wave motions given in Table 1b 
we obtain in the case t =2.783 +0.732i 


DATA =" A (0.564 - 0.976 cos 2Ay + 


f 


+ 0.651 cos 4Ay — 0.354 cos 6Ay + 
+ 0.147 cos 8Ay — 0.032 cos 1oAy) (35) 


and in the case t =1.624 +0.508i 


vst = 42 (0.568 — 0.456 cos 2Ay — 


i 
— 0.414 cos 4Ay + 0.348 cos 6Ay — 
— 0.005 cos 8Ay — 0.041 cos 10Ày) (36) 


Fig. 2 contains a picture of the two types of 
transport of heat. Put together they represent 
a cooling of the southern half and a warming 
up of the northern half of the region. 

The transfer of perturbation kinetic energy 
into mean zonal kinetic energy given by (22) 
is depending on the mean northward transport 
of momentum 4} v/. The correlation between 
uj; and v; is visualized by the meridional tilt 
of the waves in the way that a SW—NE orien- 
tation of the axes involves a positive value, 
whereas a SE—NW orientation involves a 


negative value of ujv;. In this way the values 
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Fig. 2. Northward eddy transport of sensible heat. Values 


0.8 1.0 


ae oi 
of Les A? v’, D", in the upper part for the first type 
f 3P 1 pper p yp 


of wave motion, in the lower part for the second type. 


of a; and 6; in Tables 2a and 2b may give 
an impression of the corresponding values of 


uiv;. With # given by (14), we obtain for 
ujv; the expression 


Tr MA pore oi 2 4) 
DOT fa A? [{a bi? — as? 5” + 
+2 (a b® — ai bi} sin 2Ay + 
I 
+ iE PB? — aD) + 


= 3 (ab — a ip} sin 44y + 
+ {ah — 46 b} sin 6Ay + 


(37) 


I 3 
3) LG (5) L(3) 


For the values of af” and b{” given in Table 
tb we get in the case t =2.783 +0.7321 
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+ 0.679 sin 6Ay — 0.107 sin 8 Ay) 


49 

nr uA 5 3 5 

ui vi Sn A?(1.298 sin 2Ay - 1.454 sin 4Ay + 
DE A 

43 V3 A A®(0.200 sin 2Ay — 0.205 sin 4Ày + 


+ 0.092 sin 6Ay — 0.017 sin 8 Ay) 


(38) 


and in the case T=1.624 +0.508i 


PAE A 5 “ 
Hy Vi = A®(0.150 sin 2Ay + 0.062 sin 4Ay — 
— 0.083 sin 6Ay - 0.006 sin 8 Ay) 


——; pa : 
U3 V5 “Fi Æ?(0.181 sin 2Ay + 0.102 sin 4Ay — 


— 0.092 sin 64y — 0.028 sin 8 Ay) 
(39) 


From these values it is seen that the first type 
of wave motion (t =2.783 +0.732i) is producing 
an eddy transport of momentum towards the 
north in the southern half and towards the 
south in the northern half of the region. 
The transport at the upper level is about 7 
times as large as the transport at the lower 
level. For the wave motion of the other type 
(T=1.624 +0.508i) the meridional variation of 
the momentum transport is somewhat more 
complicated, and the values are essentially 
smaller than for the first type of wave motion. 

In accordance with equations (1) and (2) in 
their x-averaged form, the eddy transport of 
momentum will contribute to a change of 
the mean zonal flow with a time rate of 


on) 


change equal to - oe The dashed curve 


in Fig. 3 shows this change of the mean zonal 
flow at the upper level for the wave motion of 
the first type (7=2.783 +0.732i). As the 
corresponding values at the lower level are 
markedly smaller, the curve may represent, 
approximately, also the change of the vertical 
shear of the mean zonal wind determined 
from the eddy transport of momentum. The 
eddy transport of sensible heat, on the other 
hand, involves, in accordance with equation 
(3) in its averaged form, a change of the ver- 
tical shear of the mean zonal wind with a time 


50 

9: (v5 44) 
dy? 
of the change of the mean vertical wind shear 
determined from the eddy transport of heat 
given by (35) and (36), respectively, are 
shown by the dashed curves in Fig. 4. It is 
seen that for both types of wave motion, the 
change of the vertical shear of the mean zonal 
flow determined from the eddy transport of 
heat is quite different from the change deter- 
mined from the eddy transport of momentum 
at the two levels. From this fact we may 
conclude about the existence of a mean merid- 
ional circulation represented in the averaged 
forms of the equations (1), (2), and (3) by 
the terms containing w,. The properties of 
such meridional circulations connected with 
the large-scale baroclinic disturbances have 
been studied by Pumps (1954, 1956). Also 
in connection with the development of frontal 
waves in a simple two-layer model the induced 
meridional circulation is of fundamental im- 
portance (ELIASEN, 1960). 


. The values 


i 
rate of change equal to = 


1.0 


Fig. 3. Changes of the mean zonal flow at the upper 
level for the first type of wave motion. Values of 
22 -1 9 2 - Cig. 
[Be a?) a (full curve) and — (ET a) : Qui v4) 
f : ip dy 
(dashed curve). 


E-ETLTASEN 


0.2 


YD 
Fig. 4. Changes of the vertical shear of the mean zonal 


us) 


2 er, Fa 
wind. Values of [HE A) 2 (u, —us) 
i ot 
and (ae ail AC) 
fe dy? 


per part for the first type of wave motion, in the 
lower part for the second type. 


(full curves) 


(dashed curves), in the up- 


5. Changes of the mean zonal flow 


Equations (1), (2), and (3) averaged with 
respect to x, may be combined into the fol- 
lowing two equations 


PERTE ne 
2 Ps + #2 (dı 2) + 


2) 
dy? 
Ca -f va: V(C5 +f) —x#?VvV5-Vd1 
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In consequence of the quasi-geostrophic 
approximation these equations may be written 


a Pdr. sips | 
zap G89 


_ 26) | a8) 


d Ve dy 


an) _ 2028) 


IT dy | 


Forming further the sum and difference of 
these equations, we get 


À — — a) [2 ! / / 

5; (ita en dy (ui vi +1403) | 

» 92 = m = 2 

lan (an 
I{? SS = De 

= ay (a (ui Vi — Us vs) ar en] ] 


The solution of equations (41) requires 
boundary conditions at y=o and y=D. From 
the first equation of motion in its averaged 
form, we find that the kinematic boundary 
condition, v;=o at y=o and y=D, implies 
the further condition that 

2; 


Er O at y=o and y=D 


(42) 
From the values of v361 given by (35) and 


the values of ujv; given by (38), we get as 
solutions of equations (41) and (42) the fol- 


6 : u; 
lowing expressions for — 


dt 


==! A? | — 0.02 cos 2Ay + 1.39 cos 4Ay — 1.02 cos 6Ày — 0.42 cos 8 Ày + 


u] 


+ 0.28 cos IoAy — 0.20 


77 2 
— = A? | — 2.98 cos 2Ay + 5.25 cos 4Ay — 3.60 cos GAy + 1.42 cos 8Ay - 


san (4-1) 


cosh FE V 2a} 


re) 


«DD 


— 0.28 cos IOAy + 0.20 


cosh 2 ze} 


| 


For the other type of wave motion with the transport terms given by (36) and (39), we get 


Pr 2 
=! A? | 0.44 cos 2Ay + 1.61 cos 4Ay - 1.84 cos 6Ày + 0.11 cos 8Ay + | 


ale) 


+ 0.37 cos IOAy — 0.69 


Ben: | — 1.10 cos 2Ay - 2.27 cos 4 Ay + 2.90 cos 6Ay + 0.17 cos 8 Ay — 


GE 


cosh ie V 2) 


t (44) 


ae 


— 0.37 cos 10Ày + 0.69 
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The values of = determined by (43) are 


shown by the full curve in Fig. 3. In accordance 
with equations (1) and (2) in their averaged 


uj O (uj v7 
form, the difference between a and - u) vi) 
dt dy 


is due to the contribution from a mean me- 
ridional circulation. From the values in Fig. 3 
it is seen that the effect of the mean meridional 
circulation is to reduce strongly the effect of 
the eddy transport, quite in agreement with 
the result obtained by Puiturs (1956). At the 


rps % i 
lower level the contribution to — from the 


ot 
eddy transport given by (38) is relatively 
unimportant, and the change of u, is caused 
mainly by the mean meridional circulation. 
ou 
It follows from (43) that = has a pronounced 


maximum aty=%.D. 


The fundamental difference concerning the 
change of the mean zonal flow produced by 
the two different types of wave motion, 
appears clearly from Fig. 4, showing the values 
of the time rate of change of the mean zonal 


alii = 


wind shear with height, . From 


the figure it is seen that the change of the 
vertical shear of the mean zonal wind, which 
would result from the eddy transport of 
sensible heat (represented by the dashed curves) 
is reduced considerably. Also this effect of 
the mean meridional circulation was found by 
PHILLIPs (1956). 


The magnitude of the change of the mean 
zonal flow produced by the wave motion and 
the associated mean meridional circulation is 


2 
seen to be proportional to Be A?, With D= 


6,000 km, L=s,ooo km, and f= 10% sec 
we have 


2 
= = 9.0 210 m Sec day 
From the values of a, given in Table 2b it 
is seen that for both solutions the maximum 
amplitude of the perturbation of the height 
of the pressure surface p, is about 2.8 g-14, 
where g is the acceleration of gravity. Har- 
monic analyses of the height of the soo-mb 
surface at 40—50° N (cf. ELIASEN, 1958) in- 
dicate that A=250 m? sec? may be taken as a 
reasonable mean value for the waves with 
wavelengths of the order 5,000 km, corre- 
sponding to wavenumber 5 or 6. With this 
value of A we have 


122 
HU A? x 0.2 msec—1 day! 


N 


as unit for the numerical values shown in 
Fig. 3 and Fig. 4. 

In the two-level model the equation of 
continuity in its x-averaged form may be 
written 


Pi sd, Plea NO 


dy 2% Ap (45) 


Combining these equations with the equations 
(x) and (2) in their x-averaged form, we get by 
integrating with respect to y 


+ fi, 


du;  O(u;v)) 
ie ae (46) 


Ot 


ul. 
From the values of En given by (43) and the 


values of 2 (ui vi) 


determined from (38), we get 


4 = UAB | 
v= — Rois 2.58 cos 2Ay — 4.43 cos 4Ay + 3.05 cos 6Ày — 1.28 cos 8 Ày + 


+ 0.28 cos 10Ày — 0.20 


cosh {x V20 (3 - 3) 


=: (47) 
cosh = V20 
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out zu 
and from the values of Er given by (44) and the values of Av) determined by (34), we get 


a = ae 


dy 


v=-1= fe 42 [074 cos 2Ay + 1.86 cos 4Ay — 2.34 cos 6Ay + 0.06 cos 8 Ày + 


+ 0.37 cos IOAy — 0.69 


These values of v, as function of y are shown 
in Fig. 5. From the figure it follows that the 
first type of wave motion (t =2.783 +0.732i) 
is connected with a mean meridional circu- 
lation with an indirect cell in the middle area 
and two weaker direct cells to the south and 
north. As shown by PHiLLtPs (1954, 1956) a 


0.4 0.6 


YD 


Fig. 5. Mean meridional circulations connected with 


; i? ves 
the wave motions. Values of (ar a) v,, in the up- 
per part for the first type of wave motion, in the lower 
part for the second type. 


0.0 0.2 
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cosh (m V20 (3- 3) 


0.8 1.0 


ru (48) 
cosh = V20 


similar meridional circulation is connected 
with the amplifying waves which may deve- 
lope in a zonal current without horizontal 
shear, and also with the large-scale disturbances, 
developing in his numerical experiment. From 
the lower part of Fig. 5, however, it follows 
that the other type of wave motion (T=1.624 
+0.508i) is connected with a quite different 
mean meridional circulation, consisting of 
five cells, a direct cell in the middle area, an 
indirect cell on each side, and further two 
direct cells farthest to the south and north. 

In order to estimate the strength of the 
meridional circulations, we note that with the 
numerical values used previously 

2 
“= = 0.35 X 10° mr sec? 
For A=250 m? sec”? it then follows from the 
values in Fig. s, that the mean meridional velo- 
cities are of the order of magnitude 0.1 msec™}. 


6. Combined fluctuations of the wave motion 
and the mean zonal flow 


The generation of perturbation potential 
and kinetic energy was considered in section 3 
for the wave motions in the original mean 
zonal flow, Uj, given by (9). In the following 
we shall consider for each type of amplifying 
wave motion the modifications of the energy 
transformations connected with the changes 
of the mean zonal flow caused by the wave 
motions. For the change of the mean zonal 
flow produced during the time from ty to f, 
we may write 


(49) 
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Ou; . : : 
where = is determined as solution of equa- 


tions (41) and (42). From the formulae (23) 
and (25) we may compute the time rate of 
change of the total perturbation energy for 
the wave motions in the changed mean zonal 
flow, u;=U;+Au;. At first we consider the 
changes of the mean zonal flow caused by the 
first type of wave motion (T=2.783 +0.732i), 
ie. the changes given by (43). In this case we 
get for the wave motion itself the following 
rate of conversion of mean zonal potential 
energy to perturbation potential energy 


BP} 46278, -35.7Q) (so) 


Qf 
where Q= ue f A?dt. For the rate of conver- 


to 
sion, of perturbation kinetic energy to mean 
zonal kinetic energy we get 


{KR} =H 42(4.1B, +9.8Q) (51) 


Consequently we get for the rate of change of 
total perturbation energy 


dar, Vie pA | 
LP +K)= 75 AM(18.6B~ 45.5 Q) (52) 


From (52) it follows that the wave motion 
of the first type will cause a change of the 
mean zonal flow, which will diminish the 
generation of perturbation energy for this 
type of wave motion. As long as we may 
consider the solution of the form (14) as a 
valid approximation for the wave motion, the 
amplitude will grow exponentially with 
time. In this case we may write 


SUP CAPE A 
ie 2 MG; otf? B, 


(53) 


With the numerical values used inthe forego- 
ing, equation (52) then becomes | 

EN 

7 P +K kann A?B,(18.6- 30.5 x 1076 A?) 


(54) 


where A is measured in m? sec-?, For A&250 
m? sec? the decrease of the generation of 
perturbation energy is seen to be about 10 per 


= 


cent. Quite formally we obtain from (54) 
that the generation of perturbation energy will 
stop, when A&800 m? see corresponding 
to a maximum amplitude for the Be 
of the height of the pressure level p, equal to 
about 220 m, a value which is, after all, of the 
same order of magnitude as the observed 
upper limit for the amplitude of the actual 
waves in the atmosphere. From the results 
of the foregoing section it also follows that 
values for A of the order of magnitude 800 
m? sec-? are just the values for which the 
changes of the mean zonal flow, produced 
during a time as short as 1 day, are of the 
same order of magnitude as the values assumed 
for the original mean zonal flow. 

Still considering the change of the mean 
zonal flow caused by the first type of wave 
motion, we get for the second type of wave 
motion (t =1.624 +0.508i) the following ener- 
gy transformations 


{p.p} =H 42(17.2B, + 6.1 Q) (55) 


a 


{KK} =" 4(0.68,— 1:80) (se) 
i. e. 


CE ak SE: 
LU +K = A?(16.6 Bs + 7.9 Q) 


(57) 


From this expression it is seen that the wave 
motion of the first type involves a change of 
the mean zonal flow, which will increase 
the generation of perturbation energy connect- 
ed with the second type of wave motion. 

For the change of the mean zonal flow 
caused by the second type of wave motion, we 
obtain quite similar results. The energy trans- 
formations connected with the first type of 
wave motion become 


wee 
{P-P}- 72. 2(22.7B; +14.4Q) (58) 


rt Tr ie 
{K’- K} =" 


| A? (4.1 Bs + 6.4 Q) 


(59) 


Ip ER) He A?(18.6B,+8.0Q) (60) 
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which means an increase of the generation of 
perturbation energy. The energy transforma- 
tions connected with the second type of wave 
motion become 


= 2 
{P.p’} — = A?(17.2B3- 21.5Q) (61) 
{K’- K} =" A? (0.6 By + 0.8 Q) 


(62) 


, 22 
ae a 
which means a decrease of the generation of 
perturbation energy. Using (53), the ex- 
pression (63) becomes 


A?(16.6 Bs — 22.3 Q) (63) 


where again A is measured in m? sec-?. The 
formal determination of the upper limit for 
the amplitude of the wave motion based upon 
the expression (64) leads to a value slightly 
larger than that determined from (54). 

As a general result of the above computa- 
tions it may be concluded that each type of 
wave motion, represented by the two ampli- 
fying solutions of the characteristic-value 
equations, will be connected with changes of 
the mean zonal flow, which will brake the 
growth of that type of wave motion, and 
simultaneously favour the growth of the 
other type of wave motion. So it seems (cf. 
also CHARNEY, 1959) that the actual wave 
motion will have the character of fluctuations 


EP + K')= pis A?B,(16.6- 21.4 x 10-642) between two extreme forms, associated with 
f iy. two extreme forms of the mean zonal flow. 
(64) 
REFERENCES 


CHARNEY, J., 1947: The dynamics of long waves in a 
baroclinic westerly current. J. Meteor. 4, pp.135—162. 

— 1959: On the general circulation of the atmosphere. 
The Rossby Memorial Volume, pp. 178—193. 

CHARNEY, J. and Priuxrtrs, N.: 1953: Numerical inte- 
gration of the quasi-geostrophic equations for ba- 
rotropic and simple baroclinic flows. J. Meteor. 10, 
Pp. 71—99. 

Eapy, E. T., 1949: Long waves and cyclone waves. Tel- 
lus I, pp. 33—52. 

Eutasen, E., 1954: Numerical solutions of the perturba- 
tion equation for linear flow. Tellus 6, pp. 183—191. 

— 1958: A study of the long atmospheric waves on the 
basis of zonal harmonic analysis. Tellus 10, pp. 206— 
Phe 


Tellus XIII (1961), 1 


ELIASEN, E., 1960: On the initial development of frontal 
waves. Publ. Danske Met. Inst. Medd. no. 13, 107 pp. 

FJORTOFT, R., 1950: Application of integral theorems in 
deriving criteria of stability for laminar flows and for 
the baroclinic circular vortex. Geof. Publ. 17, 6, 52 pp. 

Kuo, H. L., 1952: Three-dimensional disturbances in a 
baroclinic zonal current. J. Meteor. 9, pp. 260—278. 

Parures, N., 1954: Energy transformations and meridio- 
nal circulations associated with simple baroclinic 
waves in a two-level, quasi-geostrophic model. Tel- 
lus 6, pp. 273—286. 

— 1956: The general circulation of the atmosphere: a 
numerical experiment. Quart. J. R. Met. Soc. 82, pp. 
I23—164. 


A Calculation of the Effect of Large-Scale Heat Sources 
on Southern Hemisphere Sub-Tropical Wind Flow 


By J.F. DE LISLE and J. F. HARPER!, New Zealand Meteorological Service, Wellington, N. Z. 


(Manuscript received June 7, 1960) 


Abstract 


The quasi-stationary effects of large-scale heat sources on a baroclinic model atmosphere 
in which low-level zonal easterly winds decreasing with height are surmounted by zonal westerly 
winds increasing with height are calculated. Two cases are considered: (1) where the surface of 
zero zonal wind is parallel to the bottom boundary, (2) where it slopes upwards from this 


boundary towards the north. 


The latter case incorporates roughly the more important features of the mean summer 


sub-tropical flow in the Australian region. 


The results found by calculation were compared with the effects produced in the general 
circulation in summer by the Australian continent and similarities were found. 


I. Introduction 


A theoretical treatment of the effect of 
large-scale heat sources on the baroclinic zon- 
al westerly flow has been given by Smaco- 
RINSKY (1953). He considered the heating as a 
perturbation on a uniform flow and calculated 
the steady state field of motion consistent 
with a given form of heating. His results 
showed that contrary to the expected result 
from. simple convective considerations, the 
surface trough was displaced from the position 
of maximum heating. 

When surface friction was taken into account 
the troughs and ridges sloped upwards towards 
the west in the lower and middle troposphere 
and became vertical in the upper troposphere. 
A comparison of the results with observations 
on the effects of northern hemisphere heat 
sources and sinks gave some support for 
these conclusions. 

An independent analysis by GILCHRIST (1954) 
gave the same type of result and also 


1 Now at Emmanuel College, Cambridge. 


an explanation of the reversal in the slope of 
the troughs and ridges between summer and 
winter as a resonance phenomenon. 


In the southern hemisphere the continental 
heat and cold sources, with the exception of 
Antarctica, are smaller than those in the north- 
ern hemisphere and are in lower latitudes. 
Also the Andes mountains in South America 
and the high plateau in South Africa make it 
certain that in these two continents any effects 
due to heating would be complicated by 
those due to orography. 

Over Australia where the orographic effects 
are not as important as in the other two south- 
ern continents, the summer heat low is a well 
known feature of the surface chart. An analysis 
of 10 years of daily 1100 G.M.T. surface charts 
for the months November to March has been 
made by Moriarty (1955) in which he classi- 
fied the pressure patterns into 10 types and 
gave the frequency of occurrence of each type. 
In 72.5 per cent of the 1513 charts classified, 
the pressure pattern was some simple modifi- 
cation of that shown in Fig. 1. This shows 
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Fig. 1. M.S.L. synoptic chart for 1200 G.M.T. 20 Jan. 
1960. 


troughs over both eastern and western Australia 
and a ridge in the centre of the continent. The 
most commonly occurring pattern was that in 
which the trough over the west of the conti- 
nent was more developed than that over the 
east. 


At the 700 mb level on the mean contour 
chart, the surface heat low over western 
Australia has been replaced by an anticyclone 
and there is a trough just off the east coast. 
This is shown in Fig. 2, the January mean 
700 mb chart drawn from “Upper Air Data 
Australia 1958”, compiled by the Common- 
wealth of Australia, Bureau of Meteorology 
and from unpublished New Zealand upper 
air data. 


The apparently shallow nature of the heating 
effect is also shown by the monthly mean 
upper-level isotherms. January mean isotherms 
given by PHILLPOT and Rew (1953) show a 
warm pool over NW Australia at both the 
850 and 700 mb levels but E—W isotherms 
at soo mb. 


Thus the observational data available indi- 
cate that the large-scale heating effect is 
confined over Australia to the lower tropo- 
sphere and that the major surface trough is 
frequently found over the western part of the 
continent. 

By analogy with the result found by 
SMAGORINSKY (1953) for heating in a westerly 
flow in middle latitudes this would seem to 
show a displacement of the surface trough 
downstream in the low-level easterlies. How- 
ever the frequent presence of a second surface 
trough over the eastern part of Australia 
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makes it certain that no single mechanism 
can account for the mean summer patterns 
found. 

The present investigation is an attempt to 
find the effect of large-scale heat sources on 
a zonal current consisting of low-level easterly 
winds decreasing with height surmounted 
by westerly winds increasing with height. 

This is the type of mean zonal flow found in 
the southern hemisphere sub-tropics as shown 
in the meridional cross section of HUTCHINGS 
(1950). In this flow the approximately plane 
boundary of zero zonal wind slopes upwards 
from the surface towards the north. 

A simplified model (Model I) is first con- 
sidered in which the plane of zero zonal wind 
is parallel to the lower boundary and the pertur- 
bation method is used to find the stationary 
disturbed flow consistent with a given heating 
function. The relation of this type of model 
with that treated by SmacorinsKy (1953) 
is shown. 

The same type of analysis is then applied to 
a more realistic model (Model II) with a 
sloping boundary of zero zonal wind. This 
model incorporates the most important features 
of the summer mean flow in the latitudes of 
Australia but the geometry necessitates a dif- 
ferent treatment from that used in Model I. 


2. Model I. Horizontal zero zonal wind 


Consider a system of rectangular axes 
with the x axis pointing towards the east, 
the y axis towards the north and the z axis 
vertically upwards. Suppose that the steady 
state zonal flow takes place in a channel 


Fig. 2. 700 mb January mean contour chart. Contours 
in gp dm. 
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oriented E—W with rigid walls and lid, that 
the zonal wind U is zero at a height z= 2 


and that the vertical wind shear A= — is 


dz 
constant with height. Suppose that the plane 
U= o is parallel to the bottom boundary so 
that U(2)=A (z.+%;): 

Consider steady state perturbations caused 
by non-adiabatic heating on the above zonal 
flow. Assuming geostrophic conditions with 
incompressible flow, the perturbation vorticity 
and thermodynamic equations become respec- 
tively, 


oe ae, 
Da +(B UA )v -(& im) (1) 


2 
en (2) 


dz ORT: 


where Q, the perturbation heating function 
expressed as a rate of heat gained or lost per 
unit mass and time, is taken to be proportional 
to exp idx, u, v, w are perturbation velocity 


I à 
components, 3 = ( Ar -X) where T, is 
the temperature at the surface and y is the 

D SN ES 
lapse rate, and B?— Tc y |. 
The other symbols have their usual meanings. 
In (1) the variation of H* and in (2) of B? 
with height are neglected, T being replaced 


by T the mean temperature of the model. 
Elimination of w from (1) and (2) gives 


u (See =) os dv 
oy, B* ze B?H* dz 
AS hel ee BE CORDS. 
aG Pt)" G2 He) 3 


Equation (3) which is to be solved in the yz 
plane has a singularity on the line U = o. 
However, the singularity may be avoided by 
the method of cross-substitution (Kuo, 1949) 
which involves the introduction of internal 
frictional terms into the equations of motion 
and a term » v ?£ into the right hand side of 
(t) where » is the kinematic viscosity and & 
the perturbation relative vorticity. 


The frictional terms which allow for mixing 
are very small and become important only in 
the immediate neighbourhood of U= o. 

Now v2 can be written approximately as 


where L, is an operator. 
Thus with the addition of frictional terms 


(3) becomes 

fg (IQ Q4 

= dz H* (4) 
where L, is the operator 


(oe ae fi a x) 


dy? B?9z? B?H* dz 


ivL, (v) + UL,(v) + Mv 


and M the multiplier 


(fi) 


In the neighbourhood of U=o we have 
approximately 


ivL,(v) + Mv =} & > Q ) (s) 


while away from U= o, (3) holds. 

Given the form of the heating function Q, 
it is required to solve (3) and (5) with appro- 
priate boundary conditions. If friction at the 
lower boundary is introduced in the manner 
suggested by CHARNEY and ELIASSEN (1949), w 
at the surface is given by 


ak \ disin op fea 
w=i > = pach 2 e - Av (6) 
2f A oy” 


where K is the eddy diffusivity taken as 
10 m? sec"! and & is the angle between the 
isobars and the surface wind taken as 22.5 
degrees. 

It is assumed that Q = o on the lateral 
boundaries and has a maximum at the mid- 
latitude of the model so that Q= y(z) sin py 
exp iAx where x(z) is the vertical distribu- 
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tion of heating. The solution of (3) and (s) is 
of the form v={V,(y, z) +iV, (y, z)} expidx 
so that by substituting for v in (3) and separat- 
ing real and imaginary parts we have away 
from U=o 


UL, (V1) + MV, = À sin ol - x) (7) 


UL, (V2) +MV,=0 (8) 


while near U=o 


3. Solution of Equations 


As a first approximation to the observed 
mean summer conditions at lat. 25° S, the 
mid-latitude of Australia, the following numer- 
ical values of constants of the model were 
takens yy =6.5° K km 4 A =2 m sec"! km-t, 
f= -0.6 x 10-4 sec-1, T = 260° K which makes 
H*=0.4 km and B?=1.32 x 10~* sec?. The 
lateral boundaries of the model were put for 
convenience at 38.05° S (y=o) and 11.95° S 
(y = 2.899 x 10° m) anda rigid upper boundary 
at 2=12 km. 2, was taken as 6 km. 

In the almost complete absence of observa- 
tional data on large-scale heat sources in the 
southern hemisphere, it was assumed that in 
the latitudinal belt considered, non-adiabatic 
heating decreased exponentially with height 
and could be written Q=N sin my exp 


(as . where h, N are constants with di- 
1 


mensions km and sec-1 respectively. N depends 
on the values taken for and the maximum 
value of the heat perturbation. 

In a global study by Brack (1955) monthly 
charts are given showing the total solar radia- 
tion from sun and sky received at the earth’s 
surface. The charts for the summer months 
December, January and February show maxima 
of 650—750 cal cm? day! in latitudes 25°— 
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35° S over the continents. If we consider dif- 
ferences from zonal means as perturbation val- 
ues, this gives over the continents at latitude 
25° S a perturbation in total radiation of ap- 
proximately 250 cal cm”? day-1. 

Over central Australia the summer rainfall 
is small so that most of the non-adiabatic 
heating is by vertical eddy conduction of 
sensible heat. In northern Australia however 
monsoon rains add to the atmosphere heat of 
condensation of the order of 350 cal cm2 
day-1. The latitudinal average rainfall over the 
oceans at 15° S is given by RIEHL (1954) as 
25 cm per summer season, so that the perturba- 
tion latent heat added to the atmosphere over 
northern Australia is approximately 150—200 
calcm day? 

The use of a sine function instead of a step 
function to describe the variation of heating 
in the E—W direction over Australia is given 
some support from the January mean cloudi- 
ness figures. In latitudes 2s—30° S these tend 
to show a minimum in the centre of the conti- 
nent. The variation of heating in the N—S 
direction is not so well described and in the 
neglect of the latent heat added at the northern 
boundary does not correspond with reality. 

The maximum heating was taken as 250 
calcm-? day-1, and for h = 1 km, N evaluated. 
The wavelength in the E—W direction was 
taken as 120 degrees of longitude to simulate 
roughly the effects of the three southern 
continents. 

If in (9) and (10) » is taken as 1075 m? sec-! 
and the above values substituted for the other 
constants, it is found that the effect of the 
multiplier M? swamps that of the operator 
y? L, {L,}so we have to a good approximation 


mv, = JE sin wy (& -À) (11) 


(12) 


The lower boundary condition is found by 
substituting for w from (6) in (2). Separating 
real and imaginary parts this gives 


PV; WV, 
02? = Oz 


fe a VERS 
-(uZ A) $2 sin my 


c? V ce 25 We te AY, — 


(13) 
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PV, IV, 
Er 


lee) Sie 
(5 i) ea 


C2 V ala ar U2 "= AV: u 


(14) 
where 


i = 3 
de Ba ES) and v #= 


= ME 4 
Hoy 2 À et 


At y=o and TE we have V,=V,=o. 


At the upper rigid boundary we have from (2) 
a2 


dz 


U —> - AV, = gk sin wy (15) 


(16) 


The equations to be solved for V,, V2 are 
(7) and (8) and the boundary conditions are 
(13)—(16). Also (11) and (12) must be satis- 
fied in the interior of the region at z= 2p. 

By separation of variables in (8) it is found 
that the solution is of the form V,= Z,(z) sin 
uy. By making the transformation 2’ = (z — zu), 
Z, =, (2) exp c’z’ in (8) it is found that if 
SD: ee (A? + u?) RB 
are ae red 5 
and if z”=ez’, (8) transforms to the confluent 
hypergeometric equation 


7 aE, or dé, MB? 
det? de fiers, m 


V,=0 


With the values of the constants given above, 
MB? x 
des 1 so that the solutions of (17) are 
€ 
& = 2" and 


&,=2z”!lnz” + verein —r=y,(2" 
: | Le + | vil’) 
Thus 

Va = exp c(z — 29) sin my 

{ce(z — 29) + cops(e(z -20))} 


where c, and c, are arbitrary constants. 


~ 


dV. eal tha, 2 
As — must remain finite at U=0, cg=0 


dz 
and because of (12) and (16) we have 
V,=0 above U=o 


(18) 


Vo = ce(z -2,) exp cz - 20) sin uy (19) 
below U=o 


By applying similar transformations as above 
to (7) we find 


joie. sde ; 
z er - 2 Zen +&,=V,expaz” (20) 
where 
ON fine H Zo 
ze ® à =) SER 
and 


One solution of (20) is 


E qe aa ee 
volz nal: + > TER 2 | (21) 


r=2 


and the complete solution is 

V,=exp c'(z — 20): sin my 

— Zo)) + cge(z - Zo) + cgpy(e(z — 20))} 
(22) 

where cs and cy are arbitrary constants and 

as before cy= 0. 

From (11) and (12) we have to a good 
approximation explicit values for v on U= o. 
This gives an extra boundary condition and 
implies that the solution in the top and bottom 
halves of the model can be carried out indepen- 
dently. 

Because of the introduction of internal fric- 
tional terms in the vicinity of U= o, the sim- 
ple thermal wind equation will no longer hold 
there. Therefore if we assume that v and the 
temperature perturbation are continuous across 


{po(e(z 


OV R 
U= 0,5, need not be continuous. In (22), 


c; for the layer below U=o will be found 
from the bottom boundary condition and cz 


for the upper layer from the upper boundary 


condition. 
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4. Numerical results from Model I 


Equations (17) and (20) were solved with 
appropriate boundary conditions for the case 
of Z)= 6 km. The results showing the perturba- 
tion meridional velocities for an E—W section 
through the latitude of maximum heating are 
shown in Fig. 3. 
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Fig. 3. Perturbation meridional velocities v in m sec-! 

calculated for E—W section through latitude of maxi- 

mum heating in Model 1. Zero longitude taken as posi- 
tion of maximum heating. 


From this result it is seen that, (a) the veloci- 
ties above U= o are an order of magnitude 
smaller than those below, (b) the troughs and 
ridges slope upwards towards the east in the 
lower layers, (c) above U= o the patterns have 
no phase change with height and are arranged 
in a cellular form bounded by lines of zero v. 

The surface trough was 6.8 degrees of 
longitude E of the position of maximum 
heating. 

Both Gilchrist and Smagorinsky found that 
the slope of the troughs and ridges and their 
position relative to the heat sources and sinks 
was dependent on À, u and the steady state 
zonal wind profile. In the frictionless case 
we have a resonance phenomenon with a 
phase change in passing through the resonant 
frequency. In the model with friction at the 
ground there occur resonant frequencies at 
which the amplitude of the perturbations is a 
finite maximum but a phase change still 
occurs. 

In Model I, the zonal wind profile for 
constant A is a function of 2», the height of 
U=o, and the value of z, to give resonance 
in the non-frictional case can be found by 
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substituting for V, from (22) into (13) and 

letting c—o. The coefficient of cs = sin uy- 

*eA?25c (1 — zc’) and solving for z, resonance 

SIDE I 

is given by 2) =0, 0, 7 
Thus there is a phase change when 2, 

changes from. positive to negative values and 


I 
another on passing through = A negative 2, 


changes the basic flow into westerlies at the 
surface increasing with height and gives the 
case dealt with by Smagorinsky. 


5. Model II. Sloping surface U =o 


A model in which the unperturbed flow ap- 
proximates more closely to the mean summer 
zonal flow between latitudes 15°—35° S than 
that so far considered, is given by taking a 
surface of zero zonal wind sloping upwards 
from ground level at latitude 35° S towards the 
north. The flow again is assumed to take place 
in a latitudinal belt oriented E—W with rigid 
walls and lid. 

If in the N—S section through the model, 
the line U=o slopes diagonally and if A is 
constant with height, U=U(y, z) being given 


by 
Uy, z) = A(z -ny) (23) 


where 7 is the slope of U = 0, assumed constant. 
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Fig. 4. Steady state zonal wind field U in m sec-! (full 
lines) and zonal temperature field T in degrees K (dashed 
lines) for Model II. 
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If as an approximation to the observed 
mean summer conditions over Australia we 
take 7 =5.3 x 107% and for convenience alter 
the latitudinal width of the model slightly 
to y=2.258 x 10° m, keeping the other con- 
stants of the model the same, the steady state 
wind field is as shown in Fig. 4. 

Assuming the distribution of U given by 


(23) and that cer y = constant, the steady 


dz 
state temperature field may be found by solving 
the thermal wind equation as a Lagrangian lin- 
ear equation. This gives 


(rer (A) 


lem) 


where Ty is the temperature at y=z=o, the 
line where U=o cuts the lower boundary. 
Taking T,=295° K the steady state field is 
shown in Fig. 4. 

A comparison of the U and T fields with 
the mean summer cross section given by 
Hurcuines (1950) shows that although the 
model exaggerates the strength of the tropical 
easterlies, it incorporates roughly the general 
features of the mean tropospheric flow in 
the latitudinal belt of the Australian continent. 

If a similar system of heat sources to that in 
Model I is applied to the above steady state, 
the equation to be solved for v is (3) where 
Ufis given by (23). Since-U=U(y, 2) the 
variables cannot be separated and (3) had to be 
solved by numerical methods. 

As before (7) and (8) were solved for V, 
and V, respectively, while the boundary con- 
ditions were, 


(a) V,=V,=0 on the lateral boundaries 

b) Eq. (11) and (12) on the line U=o 

c) Eq. (13) and (14) on the lower boundary 
Eq. (2) with w=o on the upper boundary 
dv 

=o — =0 at z=0 on the 


2 


and therefore 


dy 
lateral boundaries. 


Relaxation methods of solution were used. 
The relaxation was carried out separately for 
V, and V, in the yz plane at the longitude of 
maximum heating taken as x =o. The rather 
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arbitrary boundary condition (e) above was 
required because the finite difference approxi- 
mation to the lower boundary condition re- 
quires one fictitious grid point outside the walls. 


Before relaxation, the axes were first 
es y 
transformed by writin = and 2, = 
i g V1 102H* 1 
foe Bete ee 
= —— — With the values of the constants 
if AOLE* 


given above, the yz cross section of the model 
transforms to a square of side 2.4 units and the 
line U = o becomes a diagonal of the square. 

The grid length of the relaxation net was 
taken as Ay,y=Az,=0.4 corresponding to 
Ay =377 km and Az=2 km. Thus 49 grid 
points were taken and because of the boundary 
conditions on U =o the relaxation could be 
carried out in two independent halves. 

The results of the relaxation for the case 
h=1 km are given in Fig. 5 which shows 
v in m sec! for a N—S section through the 
longitude of maximum heating. Fig. 6 com- 
puted from the values used in Fig. 5 shows v 
for an E—W section through the mid-latitude 
of the model corresponding to lat. 25° S. 

The trough at the surface is 13.4 degrees of 
longitude downstream from the position of 
maximum heating and slopes towards the E 
in the lower troposphere becoming almost 
vertical at about 6 km. Here it is approximately 
a quarter of a wavelength E of x =o. 
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Fig. 5. Perturbation meridional velocities vy in m sec-! 
calculated for a N—S section through longitude of maxi- 
mum heating in Model II. 
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Fig. 6. Perturbation meridional velocities v in m sec-1 

calculated for an E—W section through latitude of 

maximum heating in Model II. Zero longitude taken 
as position of maximum heating. 


The w field given in Fig. 7 for an E—W 
section through the mid-latitude shows maxima 
in the lowest layers and negligible velocities 
above 5 km. In the region of the trough, 
above the horizontal convergence at the 
surface, there is horizontal divergence up to 
about 2 km, above which there is weak hori- 
zontal convergence. 

The results for h=2 and 3 km, which are 
not shown, gave broadly similar patterns to 
those for h = 1 km. In the case of h =2 km, v 
is smaller in the lower levels than the values 
given in Fig. 5 and tke surface trough is 
only 0.3 degrees of longitude downstream 
from x =o. 

In the upper levels where the heating is 
greater than in the case of h=1 km, large 
and unrealistic values of v were found. These 
are partly due to the effect of the upper 
rigid boundary. However, because of the 
approximate boundary conditions given by 
(11) and (12) they have no effect on the 
perturbations in the easterly flow. 

When h=3 km, the surface trough is 3.9 
degrees of longitude upstream from x =o. 


6. Discussion of Results 


Because of the incomplete correspondence 
between the model and observed sub-tropical 
flow and the absence of observational evidence 
on the large-scale heating process it is impos- 
sible to get more than a qualitative result by 


this type of analysis. 
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Especially at the northern boundary the cor- 
respondence with observation is faulty due to 


(a) the increasing error towards the north of 
the geostrophic approximation, 

(b) the unperturbed E winds being too large, 

(c) non-adiabatic heating not tending to zero 
in the north of Australia. 


The artificial rigid walls in the model also 
have considerable effect on the flow in the 
regions where U =o meets the upper and low- 
er boundary surfaces. 

In the N—S section of the model through 
the longitude of maximum heating, v is zero 
at the origin and on the side walls and has 
from (11) a maximum between the origin 
and the first grid point on U=o. According 
to the numerical values taken in the heating 
function large horizontal and vertical shears of 
v could occur while the scale of motion is 
small being restricted by the boundarics. It 
is unlikcly that in this region the flow will be 
geostrophically controlled. 

However, at the mid-latitude of the model, 
the effects due to the boundary conditions 
are a minimum and with a suitable choice 
of parameters a realistic result is found there. 

Because no analytical solution was found 
for Model II and the computations were done 
by hand relaxation it was not possible to find 
the conditions necessary for resonance. How- 
ever a comparison of Figs. 6 and 3 shows the 
effect on the solutions of making the boundary 
U=0a sloping surface. 
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Fig. 7. Perturbation vertical velocities w in 10-1 cm sec-1 

calculated for E—W section through latitude of maxi- 

mum heating in Model II. Zero longitude taken as 
position of maximum heating. 
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In both models the patterns in the lower 
6 km are similar. The troughs and ridges in 
mid-levels are E of those at the surface. The 
surface troughs and ridges, though, have 
different positions relative to the position of 
maximum heating in the two models. 

Heating produces quite different results 
above U =o in the two models. On the sloping 
boundary in Model II, the boundary condi- 
tions (11) make v near U=o large with a 
maximum of v=6 m sec"! at a height of 
ı km. This combined with the effect of the 
rigid upper boundary gives values of v an 
order of magnitude greater than those found 
in Model I where the perturbation on U=o 
is small (v = 0.2 m sect). 

In both models there is no phase change 
with height above U=o but the cellular 
pattern evident in Model I with its line of 
zero v almost parallel to the surface is no 
longer present. There has been a phase change 
of 180 degrees in the E—W direction giving 
the more realistic pattern shown in Fig. 6. 


The displacement of the major surface 
trough in Fig. 1 from the position of maximum 
heating taken as the centre of the continent 
is approximately equal to that given by 
Model II in the case of h=1 km. Also the 
700 mb trough ov:r the cast coast of Australia 
in the January mean chart (Fig. 2) is consistent 
with the upper trough in the model. 


In his frequency analysis of surface patterns, 
MorIARTY (1955) found that the surface pressure 
system in which there was a single heat low 
over Eastern Australia did not occur while that 
in which there was a single low over Central 
Australia occurred on only 4.3 per cent of the 
occasions studied. The mnt produced by 
Model II when h>2 km thus rarely corre- 
spond with the surface heat low patterns found 
by observation. 

The weaker surface trough over E Australia 
(known as the Cloncurry Low) frequently 
found in conjunction with the major trough 
to the west cannot be explained as a heating 
process of the type suggested here. Since the 
Cloncurry Low can occur in winter as well 
as summer, it is probably formed orographi- 
cally by the action of the mountains along 
the east coast on the low-level easterly winds. 

The results produced by Model I for any 
positive values of 2, the height of U=o, 


Fig. 8. Surface pressure chart computed for perturbed 

flow in Model I. Longitude of maximum heating taken 

as 135° E and E—W wavelength of heating function 120° 
longitude. 
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gave a surface pattern with a well developed 
Cloncurry Low. This is shown in Fig. 8 which 
has been computed geostrophically taking the 
pressure at the northern boundary arbitrarily 
as 1000 mb. The greatly exaggerated E winds 
to the north of the anticyclone and to the 
south of the low are caused by the rigid walls. 

In order to produce a surface pattern with 
a trough over W. Australia for the same 
values of A, u and Q as taken in Model I, the 
surface U=o must be sloping. 

The surface chart calculated from Model II 
for the same heating function as used in Fig. 8 
is shown in Fig. 9. 

It is noticed that the trough although centred 
over W. Australia is not nearly as well devel- 
oped as that in Model I and that there are 
similar large velocities caused by the rigid 


A 


Fig. 9. Surface pressure chart computed for perturbed 
flow in Model II. Longitude of maximum heating and 
E—W wavelength of heating function as in Fig. 8. 
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boundaries. The pattern would look considera- 
bly more realistic if the steady state anticyclonic 
vorticity were reduced by reducing either A 
the vertical shear or 7 the slope of the surface 
USO: 

Thus the type of mechanism considered in 
Model II can account for the major heat low 


in Australia which is found by observation 
frequently to be confined to the lower tropo- 
sphere over the western part of the Continent. 
The treatment given in Model I can give some 
information about conditions near the U=o 
surface because analytical solutions are possible 
but cannot produce realistic solutions. 
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Abstract 


A study has been made of the conditions for seasonal balance of zonal angular momentum, 
during Southern summer, in the troposphere overlying the equatorial (monsoonal) westerlies. 
The observational data are not adequate to determine the finer details of balance. It is shown 
that by and large it can be accounted for by zonal pressure gradients and meridional transport of 
Earth’s angular or Q-momentum (a Coriolis effect). Zonal and meridional stresses due to advec- 
tive and eddy transports of relative zonal or „-momentum as well as the surface frictional stresses 
are of considerably smaller magnitude. This confirms for a monsoonal region the conclusions 
of Palmer (1958), from observations in the North Pacific in June, that quasi-geostrophic equi- 
librium occurs down to very low latitudes above the planetary friction layer. 

The high-level easterly jet stream is shown to play an important part in two aspects of balance. 


I. Introduction 


The summer monsoonal wind regimes of 
Southern Asia and Indonesia-Northern Aus- 
tralia are distinguished from wind regimes in 
comparable latitudes of the eastern hemisphere 
mainly by the presence of a westerly stream 
which in the region of maximum development 
extends upward to about three, in places five 
or more kilometers. They are overlain by jet- 
stream like easterly winds in the upper tropo- 
sphere exceeding in strength the easterlies during 
non-monsoonal (intermediate) seasons, and 
those of the western hemisphere at all times 
(cf. KoTEswaraM 1958). It is perhaps appro- 
priate, if somewhat trivial, to regard both the 
monsoonal westerlies and upper easterlies as 
displacements and developments of the quasi- 
permanent equatorial flow regime in the 
eastern hemisphere.! 


1 FLOHN (1955) and others emphasized the role of the 
trade winds in the winter hemisphere, in holding up the 
concept of the monsoonal westerlies as ‘deflected plane- 
tary air streams’. 


Connections between the tropical summer 
monsoons and the general circulation of the 
atmosphere have been explored in many ways 
since the study of world wide correlations by 
Walker. Year-to-year variations, in particular 
of the trade wind regimes and subtropical high 
pressure belts, would cause variations in mon- 
soonal activity as seen, for example, in the 
occurrence of widespread droughts in some 
years and of excessive rains in others. 


Another although probably related problem 
of summer monsoon is the within-season proc- 
esses such as abrupt onset (‘burst’), breaks and 
pulsations all of which are clearly evident in 
rainfall. These have been studied mainly in 
relation to geographically bound factors such 
as heating of land masses — and also of cooling 
in the winter hemisphere as in the case of 
‘surges’ of the Australian monsoon; to synop- 
tic-scale disturbances in the monsoonal trough; 
and to orographic and topographic effects. In 
current studies of the Australian monsoon we 
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have found some evidence that monsoonal 
rainfall varies as a result of an interplay between 
continental heating and the travelling disturb- 
ances of the middle latitude westerlies (BERSON 
and Troup, 1960). Different methods have 
been applied in establishing these connections 
but they led to results similar to those obtained 
in studies of the south-west monsoon in India 
(cf. RAHMATULLAH 1952). 

A revision of the problem concerning the 
vagaries of monsoonal regimes in the tropics 
was suggested by a recognition of the impor- 
tance of the high-tropospheric easterlies as a 
link with the general zonal circulation. This 
followed upon the discovery of a close connec- 
tion between time of monsoon onset in India 
and a preceding abrupt change of 200 mb flow 
from light westerly to strong easterly of remark- 
ably high constancy (SUTCLIFFE and BANNON, 
1956). Subsequently similar changes were 
found from soundings over a wide region of 
Southern Asia in relation to the onset of the 
May-Yu rainy season in China (Dao SHIH-YEN, 
1958). For the monsoonal regime of the Indo- 
nesia-Australia sector, analysis of 200 mb winds 
at Singapore, Cocos Island (in the Indian 
Ocean), Darwin and other places and of rain- 
fall in the extreme North of the continent has 
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revealed, among other things, relationships of 
a similar kind (Troup, 1960). 

A first necessary step in a wider investigation 
of the behaviour of monsoons is the dynamic 
aspect of interactions, day by day and week by 
week. It can be facilitated if one has gained 
some insight into the average seasonal balance 
of zonal angular momentum in the part of the 
atmosphere in which the monsoonal circula- 
tions develop, in which one would expect the 
upper easterly jet to play an important part. 
Although data are sparse, we can attempt the 
assessment of the magnitudes of the various 
terms in the equation of zonal momentum 
balance. 


2. The equation for the generation of zonal 
angular momentum 


We consider a portion of an annular strip of 
the atmosphere bounded by vertical surfaces in 
latitude circles po, 9, and in longitude circles 
lo Ay, and at bottom and top by isobaric 
surfaces Py, Pı (where py approximates the 
mean surface pressure). The change of relative 
zonal angular momentum in this volume is 
given with sufficient approximation by the 
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Here öp = po- Pr OY = Pı- Pos etc.; u and v 
are zonal and meridional components of wind, 
Q the angular velocity of rotation and a the 
mean radius of the earth, g acceleration of 
Kar 52? a 2 the zonal slope 
acosp dA/ dz 

of an isobaric surface. Toa is the zonal compo- 
nent of surface frictional stress. 


gravity and y1 = 
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A horizontal bar denotes averages over a 
time interval of the order of a month, but we 
have ignored the time variation of pressure at 
the surface as a very small effect in connection 
with the present case. The upper pressure (p,) 
will be taken as 100 mb throughout. 

Eq. (1) is correct under the following, further 
assumptions: 
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1. Eddy stresses along the isobaric surface 
p1= const. are negligibly small in comparison 
with surface stresses. This proviso imposes cer- 
tain limitations on the interpretation of results 
obtained below, but the data position makes 
this unavoidable. 

2. A mountain torque effect has not been 
allowed for in eq. (1). This is not considered a 
very restrictive assumption in the present case. 

Eddy stresses at the vertical boundaries will 
be considered having regard to the inequalities 
uv nv, u2#(u)?. Thus terms A and B can 
be broken up into terms with 4 v and u’v’, (u)? 
and (#32, the primed terms being Reynolds 
stresses on the synoptic scale, as y’, v’ are taken 
as daily departures from the monthly or sea- 
sonal averages #,v. In this we follow with 
PALMÉN (1955) the procedure adopted earlier 
in studies of the extratropical cells of the gen- 
eral circulation. 

Terms A and B together represent the verti- 
cally integrated horizontal divergence of trans- 
port of #-momentum, and term F is the 
frictional torque exerted by the earth on the 
atmosphere. For a complete annular strip term 
B vanishes; so also does term C, the term con- 
taining the zonal pressure gradient. (This may 
be written as 


al 


dp Op 


Ay 
[Je rzwi, + 


where Z, is the height above sea-level of an 
isobaric surface. As is readily seen, it vanishes 
for A, =A, +20.) 

As we deal here with portion of an annular 
strip only, those terms do not necessarily 
vanish. The portion of B involving #? is the 
divergence of mean zonal transport of zonal 
momentum, whereas that part involving (#2 
and the pressure gradient term allow for 
meridional stresses on the volumes exerted by 
motions on scales below the mean motion 
(synoptic-eddy and molecular scales). While the 
uv term introduces interaction across latitudes, 
ie. with neighbouring zonal strips, the merid- 
ional stress terms account for interaction with 
the hemispheric remainder of the zonal strip 
of which we consider a portion. 


~ 


Terms D and E are a-Coriolis effect and a 
metric term in the meridional momentum 
transport, arising from the transformation of 
the relevant basic momentum equation in 
Cartesian framework into a system of spherical 
polar co-ordinates. These will be discussed 
further below. 


3. The region ‘considered and data employed 


We shall apply the above equation to the 
seasonal (December—February) flow between 
the equator and 15° S, and between longitudes 
60° E and 180°. (Some computations will also 
be made on the monsoon area in northern 
hemisphere summer for comparison.) These 
limits enclose almost all of the surface tropical 
westerlies except for a restricted region near 
West Africa. These westerlies occur in a belt 
whose width varies from five to fifteen degrees 
latitude (twenty degrees north west of Austral- 
ia). In a more comprehensive study one could 
assess from observations at six to eight stations 
near the boundaries of the region, the diver- 
gence of meridional and zonal transports. Here 
we shall treat a smaller sample of stations in 
addition to climatological surface and upper 
air data, mainly from published sources. For 
meridional transfer of zonal momentum, we 
have used once daily rawin soundings at 
Singapore (01°21 N, 103°54’ E) at the northern 
boundary, and Cocos Island (12°05’ S, 96°53’ E) 
and Darwin (12°26' S, 130°52’ B), just south and 
north respectively of the poleward boundary 
of the westerlies. 

The surface stresses have been evaluated from 
data used by PRIESTIEY (1951) in computing 
the zonal stress between ocean and atmosphere; 
these data were kindly made available by the 
author. We employed the same values of drag 
coefficient, density, and of the correction factor 
for the combination of wind speeds, as were 
used in that paper. 

Use was made of charts of vector mean wind, 
and of vector standard deviation (Brooks et al. 
1950; British Meteorological Office 1954; JEN- 
KINSON 1956) and of surface winds over the 
oceans, in computing the zonal advective and 
eddy stresses (n)? and (2. The latter is equal 
to o? where o, is the standard deviation of 
zonal wind component: this was assessed by 
consideration of the standard vector deviations 
and of the ratio o,/0, evaluated for a number 


Tellus XIII (1961), 1 


ANGULAR MOMENTUM BALANCE IN THE EQUATORIAL TROUGH ZONE 


of stations in comparable locations, at select- 
ed levels, from the data of CRUTCHER (1958) 


4. Horizontal momentum transfer 


Rao (1958) calculated for July and August 
1955 from soundings at three stations in India, 
at Singapore and at Nairobi (East Africa) 
meridional transfer of mean momentum asso- 
ciated with the southwest monsoon. His data 
indicate that the convergence of meridional 
transport which would be required to balance 
the frictional torque of the extensive zone of 
surface west winds, is brought about largely by 
strong northward transport across the equator 
into the eastern half of the zone. Between 70 
and 80 percent of the zonal stress (meridional 
transport of ZM integrated from 1,000 to 100 
mb) at Singapore was due to advection by 
mean flow, most of it above the 300 mb level 
in the vicinity of the easterly jet. The remain- 
der, also concentrated at these levels, was due 
to time-eddy transports of the species #’v’. The 
Indian stations, between five and fifteen degrees 
latitude north, showed mainly southward 
transport in that month, but of considerably 
smaller magnitude. At Nairobi the zonal stress 
integrated out almost to zero. 

No attempt was made by Rao to assess angular 
momentum balance from a consideration of 
surface friction torque and the other effects 
discussed above. Only a comparatively small 
fraction of the region is covered by land, but 
the zonal stresses computed from the soundings 
in India and at Nairobi would not necessarily be 
representative of stresses over the open ocean. 
On the other hand, surface winds over the 
Indian subcontinent would contribute some 
substantial proportion of the torque of the 
surface westwind regime on the eastern hemi- 
sphere, during Northern summer mainly north 
of the equator. 

In Table ı are given seasonal (December— 
February) means of wind components and 
meridional transport of #-momentum per unit 
mass at various pressure levels. The last column 
shows pressure means of wind components and 
zonal stresses. Meridional mass transport at 
Singapore is southward, the drift (pressure 
mean of v) being 0.44 m/sec. This is compara- 
ble with northward mass transport in Northern 
summer as e.g. shown by drifts of 0.36 m/sec 
in July 1955 and 0.23 m/sec in July 1957 (Rao 
1560). Thus in Southern and Northern summer 
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alike, tropospheric drift is in the same direction 
as the ‘spillover’ of wintermonsoon (or of 
tradewinds) from the opposite hemisphere: the 
countercurrent in the upper troposphere does 
not appear to compensate fully for the out- 
flow beneath. 

During Southern summer, at Singapore total 
zonal stress, i.e. the sum of integrated advective 
and eddy transports, agrees qualitatively with 
Rao’s findings for July, the average December— 
February mean zonal stress is 7.6 southward 
compared with 14.8 northward in July and 
26.6 - 10° dyne cm! northward in August 1955. 
It may not be justified to compare our seasona 
means with Rao’s means for two months in 
one individual season. However, in selecting 
that year, the author was presumably not taking 
a very abnormal season. One might therefore 
compare the proportions of eddy stress in total 
zonal stress. As will be seen from Table 1, 
during Southern summer eddy transport rep- 
resents less than 10 percent of the total. The 
corresponding proportions for July and August 
1955 are 40 and 20 percent approximately. It 
will also be seen from the table that advective 
flux is concentrated in the upper troposphere 
owing to the high zonal velocities associated 
with the easterly jet stream. This is so during 
Northern summer too, but in contrast to this 
eddy transports northward in the lower and 
southward in the upper troposphere, while of 
considerable magnitude, tend to integrate out 
vertically. There is of course a large scatter 
about this average distribution, the consequen- 
ces of which are treated in the Appendix. 
Vertical distribution of fluxes is illustrated in 
Figure 1, which gives values for two individual 
seasons for Singapore and Cocos Island. We 
notice in this figure, as in Table 1, the inactive 
layer in the middle troposphere which is a 
typical feature of the general tropical circula- 
tion (PALMÉN, RIEHL and VUORELA 1958). 

Cocos Island during Southern summer is 
just poleward of the zone of surface westerlies 
and shows therefore considerable mean north- 
ward flow up to 850 mb associated with the 
southeasterly trades, but here the vertically 
integrated mass transport almost vanishes. This 
would conform with the concept of a Hadley 
type circulation between the southern trade 
wind regime and a (poleward shifted) equato- 
rial trough. Similarly, as in the winter Hadley 
cell, net transport of ZM is directed southward. 
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Figure ı. Vertical distribution of meridional fluxes of zonal momentum; solid lines 1956/7 season, dashed lines 


1957/8 season. Inset values give vertical integrals of oUV and @U’V’ (upper value 1956/7 in units of 10? 
dyne/cm. 


Comparing with PALMEN’s (1956) assessment of 
transport across latitude circles in the winter 
Hadley cell of the northern hemisphere, we 
find (after converting to flux per unit width) 
the values given in Table 2. 


Table 2. Integrated meridional transport of z- 
momentum (in 107 dyne cm~?) at Cocos Island 
and at a comparable latitude in the winter Hadley 
cell of the general circulation. (Positive values 


poleward.) 
Cocos Island Hadley Cell 
(summer) (winter) 
Advective Flux - 0.8 3.7 
Eddy luxe 3.5 4.I 
SRO ball ee rar ce ZN, 7.8 


As is well known, during summer the pole- 
ward export of zonal angular momentum from 
the trade wind belt is generally much less than 
during winter. Although possibly the surface 
momentum sink of the middle latitude wester- 
lies is larger in the southern hemisphere, the 
integrated zonal stress at Cocos could be a fair 
estimate of the average stress at about latitude 
12° S at the southern boundary of the equato- 
rial westwind regime. There is still a large 
contribution of eddy flux to the total meridio- 
nal transport. However, it should be noted that 
in the eastern parts of the Southern Indian 
Ocean this eddy flux occurs predominantly in 
the lowest kilometers below, and just above, 
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the tradewind inversion whereas in the winter 
Hadley circulation, according to Palmén’s cal- 
culations, the contribution by the layer 700 to 
100 mb amounts to 90 percent of the total 
zonal eddy stress. That large low-level eddy 
flux is presumably due to disturbances on and 
variations in position of the equatorial trough. 


At Darwin meridional velocity components 
are similarly distributed although there is con- 
siderably less poleward drift at upper levels. 
Darwin’s position on the coast of the mainland 
and in a synoptically disturbed region does not 
permit us to take its meridional net drift as 
anywhere near representative of a wider region. 
The vertical distribution of zonal wind indicates 
two eastwind maxima, one immediately above 
the monsoonal westerlies and the other at 100 
mb. Whereas the latter must be regarded as 
the edge of the dynamically important high- 
level easterly jet which judging from the values 
for Cocos and Darwin appears to slope 
slightly upwards south of the equator, the 
lower eastwind maximum would indicate the 
existence of a strongly sloping belt of easterlies 
connecting the tropical upper easterlies with 
the low-level easterlies (trade winds) farther 
poleward. This feature is also characteristic of 
the Northern summer circulation in the eastern 
hemisphere (STAFF MEMBERS, ACADEMIA SINICA 
1957). 

As would be expected the products 4 7 show 
a rather confused vertical pattern at Darwin, 
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but the integrals bear out qualitatively the 
position at Cocos. 

The aforementioned and a more detailed 
comparison with Rao’s calculations during July 
at tropical stations in the eastern hemisphere 
suggests that meridional drift and momentum 
transports are at lower level of intensity during 
Southern summer. This might be expected on 
account of smaller frictional torque exerted on 
the atmosphere owing to a less intense mon- 
soonal regime in the Southern tropics. An 
assessment of that torque for both seasons will 
be made in the following section. 


5. Frictional torque and divergence of merid- 
ional momentum transport 


In July the westwinds cover land areas such 
as India and Burma. Approximating the surface 
zonal stress over these regions to the mean 
value in the corresponding latitude zone over 
neighbouring ocean areas, the land contribu- 
tion to the torque south of 20° N—the contribu- 
tion north of that latitude being negligible — 
was less than 10 percent. Thus different but 
comparable values of To, over land would have 
made little difference in the assessment of 
total torque. 

The land area covered by westwinds south 
of the equator in January is not negligible either, 
but most of it is in what remains at this time 
of year of the broad doldrums zone. The land 
area has been thus neglected in January. 

Results of the computation are shown in 
Table 3. It is of interest to compare the mean 
stresses with those obtaining over all oceans. 
Priestley’s study gave in a ten-degree broad 
belt of minimum stress south and north of the 
equator, in January and July respectively, 
values of 0.25 and - 0.06 dyne cm-®. The 
negative mean stress in the latter case empha- 
sizes the importance of the Asian southwest 
monsoon as a disturbance on the scale of the 
general circulation. In January, the strength of 
the Indonesia-Australia west monsoon is insuf- 
ficient to reverse the sign of the average ocean 
stress in the equatorial belt. 

An estimate of divergence of meridional trans- 
port of angular momentum (term A in eq. (1) 
transposed to the left) requires an estimate of 
the mean value of advective and eddy flux on 
the northern and southern boundaries of the 
zone. We have one pair of stations in approxi- 


Table 3. Surface torque and integrated meridional 
flux divergence. 


Mean 


Sur- oa Flux 
Equatorial Are face Fu Diver- 
Zone of Zonal ies gence 
westerlies |(T0°km?)| stress 1 
(dyne (10% g 
cm?) cm? sec?) 
Dec.—Feb., S. 16.8 — 0.21 -2.I —4.3 
Hem, 60°— 
180° E 
July 1957, N. 22.7 -0.73 -95 -4.8 
Hem. 50°— 
1250 


1 Indian Ocean only, -0.93 


mately the same longitude, viz. Singapore and 
Cocos Island, both in the regime of upper 
easterlies; and we shall boldly assume the 
divergence of flux between them is representa- 
tive for the zone, using the seasonal averages in 
Table 1 for computation. (Incidentally, the 
total integrated fluxes at Darwin and Cocos 
Island are approximately equal.) In northern 
summer we shall use Rao’s values for July and 
August 1955. Singapore and Nairobi are both 
near the equator and serve as southern while 
Madras, Bombay and Nagpur serve as northern 
boundary stations. Resulting divergences of 
meridional transport of zonal angular (#) mo- 
mentum are given in the fourth column of 
Table 3. 

It will be seen that in the two cases they are 
of the correct sign and order of magnitude but 
that in the northern hemisphere balances only 
a fraction of the frictional torque. In view of 
the uncertainty of the computations on inade- 
quate observational data, it would be futile at 
this stage to speculate on the significance of 
this unbalance for the magnitude of a ‘mountain 
torque’. Moreover we have so far left out the 
effect of meridional stresses at the eastern and 
western ends of the zone, of zonal pressure 
gradient and of Q-momentum transfer. 


6. Interaction with the western hemisphere 


Interaction in longitude, and especially be- 
tween the monsoon dominated portion of the 
zone and the hemispheric remainder, must be 
ultimately due to unequal distribution of land 
and sea on a broad scale. For this causes 
differences in radiation balance, in convection 


Tellus XIII (1961), 1 


ANGULAR MOMENTUM BALANCE IN THE EQUATORIAL TROUGH ZONE 73 


and vertical eddy transfer of momentum and 
will lead to circulations in vertical zonal planes. 

To obtain some insight into this kind of 
interaction vertical profiles of ()?, (#2 and of 
zonal pressure gradient were studied. Here we 
shall only give results of computations on the 
relevant integrals in equation (1). These are 
proportional to 


Po Po 
of than: Kot 


100 100 
Pe Ay 
8 | {Z,} dp + ze) aA 
100 3 


where { } brackets denote integrals over the 
lengths of the boundaries at the eastern and 
western ends, and 6, differences of quantities 
between them. 

In the last term the second part is the verti- 
cally integrated pressure ascendant of an atmos- 
phere with no zonal temperature gradient. It 
has been assessed from seven-year (1954—1960) 
January averages of sea-level pressures at a 
number of stations in the region. 

The first part of the third term is that contri- 
bution to the total integral which allows for 
zonal thermal inhomogeneity. The thickness 
term has been evaluated from soundings, 
pairing where necessary sea-level pressure with 
thickness at a sounding station. 

The assessment of the py term is considerably 
more accurate than the thickness term, for 
several reasons. One is the better network of 
sea-level pressure recording stations; another is 
the uncertainty introduced into the values for 
thickness differences between stations owing to 
differences in instrumentation and radiation 
corrections. Semi-diurnal variations of pressure 
would cause fictitious gradients in both terms, 
but owing to differences in G.M.T. observation 
times between stations at the eastern and west- 
ern end, systematic errors of this kind are 
thought to be small. 

Orders of magnitude. — By and large, the eddy 
flux term in the western hemisphere exceeds 
that of the eastern hemisphere. #-momentum 
is therefore transported from the Eastern 
Central Pacific and Atlantic regions into the 
Western Pacific and Indian Ocean sectors of 
the equatorial trough zone, at this time of 
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year. In terms of means over height and latitude, 
typical values of 6; (u’)2 are of the order 3 m2/ 
sec, the largest value occurring between a 
maximum in the Eastern Atlantic (49 m?/sec?) 
and a minimum in the Eastern Indian Ocean 
(37 m?/sec?). 

The differences in advective flux are of the 
order 3 times this amount, due mainly to 
differences in speeds in the upper troposphere. 
These differences will be discussed further 
below. 

Typical differences in sea-level pressure be- 
tween the eastern and western ends are of the 
order of a few millibars, the average over the 
width of the latitude zone being 0:p4 = - 2.3 
mb. The eastward fall of pressure is mainl 
between the northern periphery of the Indian 
Ocean anticyclone and the Indonesia-Australia- 
Southwest Pacific monsoonal trough. How- 
ever, the troposphere over the equatorial trough 
zone in the western hemisphere tends to be 
warmer than over the monsoon dominated 
zone of the Eastern hemisphere. The relevant 


differences 6,T are of the order 1° C. The 
pressure-and latitude-averaged slope of the 
isobaric surfaces remains however negative (10 
metres/10,000 km), the thermal ascendent 
failing to compensate sea-level pressure gra- 
dient. (An inspection of stratospheric tempera- 
tures from the IGY period suggests that strato- 
spheric compensation of tropospheric zonal tem- 
perature differences does exist, but is probably 
small.) 

An evaluation of the isobaric slope from the 
charts of HEASTIE (1957) prepared for a different 
period, gives a value of — 20 metres per 10,000 
km, averaged from 700 to 100 mb. The 
values at individual levels suggest that the 
thermal (tropospheric) compensation does not 
extend above 300 mb; we believe this discrep- 
ancy to be due to such factors as radiation 
errors at the highest levels. 

In Table 4 are given the equivalent torques 
Table 4. Integrated zonal flux divergence and 

pressure gradient. 


Southern hemisphere equatorial trough, Dec.— 
Feb. (Units 10” g cm? sec”?.) 


: Zonal Pressure Ascend- 
Zonal Flux Divergence 


ant 
LOT a 2 ee er ay 
neous mal 
I.0 0.5 — 17.8 8.6 -9.2 
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due to meridional stresses calculated from the 
aforementioned terms. 

It is evident that the zonal barocline exerts a 
far greater torque than advective and eddy 
meridional stresses due to zonal transport of 
#-momentum and, by referring to Table 3, 
than the torques due to surface frictional stresses 
and meridional transports of #-momentum. 
This would still be the case if allowance were 
made of an error of fifty percent in the thermal 
component of the pressure term. Even an 
underestimate of this component by 5- 10% 
would leave a value of - 4-107 g cm? sec”? 
for the zonal pressure ascendant. 

The budget of angular momentum in the 
space considered, without regard to the two 
remaining volume integrals in (1), would be 
as follows: 


+ = 
Meridional flux conver- 
gence 4 
Friction torque 2 
Zonal flux convergence I 
Pressure gradient 9 
Unbalance 10 mon eniasce > 


The unbalance would be equivalent to an 
increase of eastward zonal velocity component 
by 2 m/sec in a month, taken as an average 
value in the entire space considered. A generation 
(or “storage’’) of momentum of this amount is 
far in excess of that observed in the middle 
of the summer season. It is true that an increase 
of low-tropospheric westerlies of this magni- 
tude does occur from December to February, as 
we have ascertained from the data, but it is all 
but compensated by a similar increase in the 
high-tropospheric easterlies during this time. 
Again, while the position might be rather 
different in individual years, a gain of momen- 
tum by that amount is unlikely. 


7. Quasi-geostrophic balance in the sub- 
equatorial trough 


We shall now consider the last two of the 
volume integrals on the right of equation (1). 
Since sin @ occurs in the integrand — cos? 
being close to unity — it appeared at first sight 
that these integrals would be negligibly small 
in comparison with other terms in the equation. 
This is almost certain to be the case for the 
metric uv term which for low latitudes is 
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merely a small correction to the first term. 
However, the Q-momentum transport (Corio- 
lis) term can be large for small mass transports 
determined by the integral fv dp. This term 
may be written as 

(3) Integrated meridional transport of Earth’s 
angular momentum 


dp op 6A 


=- u Je p) dp da 


Let v* denote meridional wind averaged 
over p, cos*g and À. The value of v* which 
would remove an unbalance of 10 - 1025 in our 
preliminary budget, is readily computed and 
turns out to be —1.5 m/sec (implying an 
equatorward net mass transfer across the zone). 

In Figure 2 are plotted pressure means of 0 


X Nairobi 


En. 


Mean meridional vel. (5°) m/sec. 


x Singapore 


Broken Hill 
(Africa) 


x 


19°5 10° Oy OS Joan 


Latitude (cos* ¢ scale) 


Figure 2. Meridional drifts in portion of the equatorial 
trough zone in December—February. For explanation of 
curves see text. 


in m/sec versus cos’. Station plots are seasonal 
averages obtained from mainly four years’ 
data. It is seen that variations with longitude 
are as large as those with latitude. This deprives 
us from estimating v* directly from these data. 

It is possible to obtain some information on 
latitude-profile of meridional mass-transport in 
equatorial regions during Northern summer. 
BaALIFF (1958) evaluated from soundings in a 
comparatively dense network set up during 
June 1956 in the Nuclear Test regions around 
the Marshall Islands, among other things 
monthly mean meridional wind at various 
levels up to 60,000 ft. He published the average 
values between longitudes 155° and 175° ap- 
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proximately, separately for latitudes 3,5 ..... 
11° N. From these values we computed the 
equivalent pressure means and these are shown 
in Figure 2 joined by a smooth curve. They are 
actually south wind components, but are inter- 
preted here as equivalent poleward winds and 
therefore taken as positive. 

Another source of information is our general 
knowledge of average mass transport across 
the whole equator, required by the seasonally 
progressing accumulations and depletions of 
mass in either hemisphere. Rao (1960) has 


shown that transport values at individual 


stations close to the equator differ from the 
required average transfer (of order of cm/sec) 
by factors of up to 100 and higher, southward 
and northward flow alternating with longitude. 
In view of this circumstance, mean mass trans- 
port across the equator along our northern 
boundary — the length of which is one third 
of the circumference — will not be nearly as 
large as observed at any stations. 

The broken curve in Fig. 2 is constructed on 
the basis of the available data permitting a 
variation with latitude near the equator as large 
as that resulting from Baliff’s analysis. It is 
drawn in such a manner as to accommodate a 
value of v* equal to — 0.5 m/sec which would 
restore momentum balance if we accept the 
minimum estimate of unbalance in the previous 
section as a best estimate. 

The hypothetical curve implies very large 
gradient of meridional mass transport just south 
of the equator. Uncompensated by lateral 
(zonal) divergence it would be equivalent to a 
tremendous mass accumulation and correspond- 
ing surface pressure rise of approx. 70 mb 
per day between 3° and 8°S. Our data indicate 
that the integrated zonal mass transport di- 
verges in fact rapidly, mainly owing to the tran- 
sition from light westerlies to strong easterlies 
in the upper troposphere, between the Western 
Pacific and Singapore and continuing so west- 
ward. Mass continuity would be preserved if 
the ratio of difference in f vdp between south- 
ern and northern boundaries, to the difference 
in fidp between eastern and western bound- 
aries be equal to the inverse ratio of the 
respective lengths. The latter ratio is 8, while 
from seasonal means of zonal flow at Canton 
Is. (171° E) and Nairobi the former ratio turns 
out to be about 24. The seemingly large discrep- 
ancy might be removed by a consideration of 
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the latitude position of the high-level easterly 
jet. Judging from the available literature, the 
southern summer easterly jet is located at 125 
mb and about 2°S (Ramsgy 1955) in the East 
Asia region, but at about 200 mb and somewhat 
further south over Africa. This could indicate 
that the maximum divergence of zonal trans- 
port occurs some five degrees south of the 
equator. In this case, with the value of v* 
required for seasonal momentum balance, total 
horizontal divergence of mass transport over 
the 3°—8° S latitude zone would reduce to a 
vanishingly small residual which could readily 
be accounted for by the small surface pressure 
changes observed. 

These results are at first sight surprising since 
it is widely held that for such low latitudes, and 
particularly in monsoonal regions, accelera- 
tions and friction are as important as pressure 
gradients in consideration of air movement. 


Conclusions 


The foregoing analysis of wind, pressure and 
temperature data in the tropical atmosphere, 
from sea level to near tropopause level, has 
furnished evidence for interactions between the 
(monsoonal) wind system overlying the equa- 
torial trough zone south of the equator during 
Southern summer and the atmosphere surround- 
ing it. Interaction across the southern bound- 
ary of this zone is an obvious consequence of the 
fact that the wind system is generally within 
the northern limb of a Hadley-type circulation, 
modified chiefly by seasonal displacement of 
the equatorial trough zone. Interaction across 
the northern boundary, near the equator, brings 
out the importance of the coupling between 
the northern hemisphere tropical cell (modi- 
fied by the Asian winter monsoon) and the 
summer monsoon in the Indonesia-Australia 
region. The associated meridional momentum 
transfers are, in order of magnitude, sufficient 
to maintain the surface westerlies against fric- 
tion. 

A surprising result is the magnitude of two 
terms in the equation of angular momentum 
balance determining interaction across the 
eastern and western boundaries of the zone. 
Whereas divergence of zonal momentum 
transfer, by mean motions and eddies on the 
synoptic scale is relatively small, zonal pressure 
gradient and meridional transport of 2-mo- 
mentum are both ofa higher order of magnitude, 
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or nearly so. This suggests agreement with 
results obtained by Parmer (BALIFF, PALMER 
ET AL. 1958) for the troposphere over the 
Western Pacific equatorial trough during 
Northern summer, that quasi-geostrophic ba- 
lance obtains in low latitudes close to the 
equator, i.e. for the troposphere above a 
planetary friction layer. 

In the angular momentum balance the exis- 
tence of an upper easterly jet stream close to 
the equator is of importance in two respects. It 
is a prerequisite for convergence of the 
meridional transfer of momentum to balance 
(approximately) with frictional destruction of 
west momentum at the surface. The increase of 
easterly winds, from the jet’s entrance region 
in the Western Pacific to its exit region near 
Africa, is consistent with strong meridional 
gradient of integrated northward mass flow, 
and thereby transport of 2-momentum close 
to the equator. Such transport appears to be 
required to balance zonal pressure gradients in 
the monsoon dominated trough of the eastern 
hemisphere. 


Data sources 


The sources of data used in this study, and 
not otherwise mentioned in the text are as 
follows: 

Wind data have been taken from ScoTT 
(1957) for Singapore mean values and from 
CRUTCHER (1958), LAMOND (1959), the New 
Zealand Daily Weather Bulletin, Pacific Islands 
Section, Malayan Meteorological Service, Pilot 
Balloon and Radar Wind Data, from manu- 
script data kindly provided by the Bureau of 
Meteorology, Australia; and also from Month- 
ly Climatic Data for the World, which pub- 
lication also provided most of the radiosonde 
data used in Section 6. This was supplemented 
by the publication Upper Air Data Australia 
(Bureau of Meteorology 1958), the Pacific 
Islands Bulletin, and manuscript data. We are 
indebted to the Director, Malayan Meteoro- 
logical Service, for radiosonde data for Singa- 
pore. 

For some stations other published values 
from various sources have been used to obtain 
values below 850 mb. 

Sea level pressure data have been taken from 
Monthly Climatic Data for the World, and 
from routine publications of the Australia, 


Malayan and New Zealand Meteorological 


services. 


Appendix 

In the present study, largely concerned as it is. 
with orders of magnitude, we have had resource 
mainly to published material, or to data already 
processed for other investigations, and com- 
paratively little. processing of daily data has 
been performed, because of the very large 
demands on time and labour required. There 
may therefore be some inadequacies and inac- 
curacies in the results due to missing data and 
selective effects, differing lengths of periods 
used for various stations in parts of the study, 
accuracy of charts and interpolations from 
them, and so on. We feel that in a work such 
as this such errors are of minor importance; 
the major factor which we feel should be 
considered, is the high variability from year 
to year of the mean flow in the region, which 
occurs even in regions of strong mean flow 
(Troup 1960). Consider the flow at 40,000 ft, 
which is close to or at the level of maximum 
advective and eddy transports. In January, for 
instance, the mean easterly component at 
Singapore over 9 years was 18 knots, varying 
from 6 to 24 knots in individual Januaries and 
the variability is even greater at 50,000 ft. 
If such variations and the corresponding varia- 
tions in the » component which are also large, 
occur due to small shifts of wind systems in 
regions of strong gradient, then the investiga- 
tion should be conducted over a considerable 
number of years, or over a few years with 
many more stations. 

Examination of the data for two seasons, 
contemporaneous at Cocos Island and Singa- 
pore, suggests that the main variation is in the 
advective flux and to a lesser extent in the 
eddy flux at the southern boundary. Curves of 
advective and eddy flux for the two stations 
are shown in Figure 1. It will be noted that 
at Singapore the eddy flux is consistently small 
and varies comparatively little from year to 
year, in fact the values level for level up to 
200 mb are close to those which can be 
obtained from the values of r,, 0, and o, 
given by CRUTCHER (1958), for a different 
period and for somewhat selective data. There 
are large variations in advective flux, although 
the general form of the curve is the same. The 
variation is greater at Cocos, but the eddy 
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flux shows the same type of variation in both 
ears. 

If the behaviour of different stations is 
compared, we find for instance, taking the 
standard deviations of 40,000 ft monthly 
means at Singapore, Cocos Island and Darwin, 
for four seasons, and of differences between 
these components, after eliminating trend, that 
the following results: 


Difference Difference 
Sa Cocos— Cocos— 
= Sing. Cocos Darwin Darwin 
a (and cor- (and cor- 
relation) relation) 
SAD: 4.4 aa 6.9 7.0 6.0 
(knots?) 0.95 0.45 


The standard deviation of the differences 
depends only on the individual standard devia- 
tions and the correlations between the values 
at the two stations. The standard deviations 
given above give correlation coefficients of 0.95 
between Cocos and Singapore monthly means, 
and 0.45 between Cocos and Darwin monthly 
means. Taking these as representative of latitu- 
dinal and longitudinal differences we infer: 

(a) Differences between latitudes reflect 
major year-to-year changes in the flow, and 


WT 


not just small-scale shifts, since on the available 
evidence (RAMSEY 1955 for instance) the jet 
axis lies close to or just to the south of Singa- 
pore. 

(b) Large-scale simultaneous and similar 
changes of the flow are to a considerably less 
extent contributors to the variations in longi- 
tude; the variance of monthly means at any 
one station would be made up to 25 percent of 
large-scale variations which affect all longi- 
tudes simultaneously, and 75 percent of varia- 
tions which represent differences between 
longitudes due to either time or to space 
variations. 

Hence taking a few years at any station-pair 
such as Singapore and Cocos does give some 
indication of the pattern of the mean in the 
region, in spite of the large individual varia- 
tions from year to year. Some smoothing is of 
course effected by taking seasonal instead of 
monthly means. 

The above statement has only been demon- 
strated on one component of the flow at one 
level; the full investigation of year to year 
variations, is of course a separate and most 
complex problem. However, we feel that the 
statement will apply to other quantities as 
well, and in particular to values of fluxes 
computed at individual stations. 
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Abstract 


Oscillatory laminar flow is considered in a liquid consisting of two superposed layers of 
different densities and viscosities, and the steady second order drift velocity outside the boundary 
layer is calculated for various density and viscosity ratios and heights of interface above the 


boundary. 


When the layer next to the boundary is the more viscous, and the density difference negligible, 
then the drift velocity exceeds Schlichting’s value for a uniform liquid. The model is related 
to the motion of sediment layers in tidal estuaries, and a general landward drift of sediment is 


deduced. 


I. Introduction 


A first order oscillatory motion in a viscous 
liquid is known to generate a steady second 
order velocity just outside the laminar bound- 
ary layer. The earliest investigations were those 
of RayLEIGH (1883) and SCHLICHTING (1932) 
who showed that this velocity is of magnitude 
—3 UU’'/40, where the oscillatory velocity 
parallel to the boundary is U(x) exp (iot). An 
important application of this is in the propaga- 
tion of gravity waves in a fluid of finite depth. 
LONGUET-HIGGINS (1953) has generalised the 
result to complex values of U(x), and, deriving 
_the corresponding particle drift velocity, has 
used this as the required boundary condition 
near the bed for the second order drift currents 
under gravity waves of small amplitude. A 
knowledge of these drift currents is required 
in order to estimate the ability of gravity 
waves to cause erosion or silting. In shallow 
water however the bed material is frequently 
sand whose velocity is related to the local 
fluid velocity in a manner as yet not fully 
understood. 
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A more promising application concerns 
tidal motion in estuaries. The bed material is, 
on occasions, a thick liquid mud which 
behaves in many respects as a viscous liquid 
and whose motion necessitates subsequent 
dredging. We may reasonably expect the 
motion of such a material to follow more 
closely the results of simple fluid mechanics 
than sand. The first order tidal motion can be 
represented as a sum of simple harmonic con- 
stituents and the corresponding drift velocities 
calculated throughout the boundary layer. 
Schlichting’s analysis considers a liquid of 
uniform viscosity and the resulting steady 
drift just outside the boundary layer is found 
to be independent of that viscosity. It does not 
follow that the same result will be found in a 
liquid of variable viscosity. 


The purpose of the present paper is to con- 
sider oscillations in a liquid consisting of two 
layers of unequal viscosities and densities, and 
to determine the resulting drift velocity just 
outside the boundary layer. In the case of tidal 
estuaries the viscosity of the bottom layer of 
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mud will be considerably greater than that of 
the water above, while its density is only 
slightly greater. Denoting the density and 
kinematic viscosity of the upper and lower 
layers by 6, » and 02, 11 respectively, typical 
ratios for heavy mud concentrations would 
be 0,/@=2 and v,/»=10%, while lower con- 
centrations where 0/0 =1-2 and »,/y~5—1I0 
are common. It is found that for large viscosity 
ratios, and when the density difference is 
neglected, the calculated drift current can 
greatly exceed Schlichting’s value, depending 
on the depth of the more viscous layer adjacent 
to the rigid boundary. Conversely, a lower 
viscosity at the boundary leads to a reduction 
in the drift current. The generalisation to a 
number of harmonic constituents is given, 
and the application of the results to the distri- 
bution of bed material in an estuary is dis- 
cussed. 


2. Oscillations in a Stratified Fluid 


We consider two superposed layers of fluid, 
their interface being parallel to a horizontal 
rigid boundary. The density and kinematic 
viscosity in the upper layer are 0, ?, alld 04; 7 
in the lower layer. The depth of the lower 
layer is yy=h (v/o)!, where o is the frequency 
of an oscillatory motion introduced in the 


upper fluid 
U (x, 1) = Us (x) ei, (1) 
where U, is real. If the horizontal component 
of velocity is written as 
u(x, y, t) =u9(x, y, t) + mx, y, 1) (2) 


where u, and u, are respectively the first and 
second order terms in ascending powers of 
the amplitude of the motion, then the boundary 
layer equations 


ou ou ou 1) OB 
u V— = ae) 


(3) 


dt dx dy pra may 
Ou dv 
a + dy =O (4) 
lead to the equations 
Ou 9 OÙ 
— y -_ = 
AMF ie oy 
Oy „or tele $ 6 hg (s) 
a dy en Van Dy 


u 


in the upper layer [Schlichting (1955), p. 181], 


and 


dt oy" 01/ at 
ou u 0 OU dm, 2% 
re ren 


(6) 


in the lower layer adjacent to the rigid bound- 
ary. The continuity equation (4) is to be 
satisfied by both the first and second order 
terms in each layer. The boundary conditions 
are 


Up =U, =) =0 on y=0 
and 
tg = U(x, 8) at y =00 
If we write 
Uo =IYolPy, Vo = — 2po/0x, 
where 
Yo = (v/a)® U(x) Fo (1) ef (7) 
and 


n= y(o/»)# 
then in the upper fluid, region (a), 
Rooms (8) 
and in the lower fluid, region (b) 
i Foy — (v1/v) Fos = i(0/01) (9) 
The solutions of (8) and (9) are 
Fy, = + Ae~@+inlv2 + C 
Foy =d{n + B(e-@+invlv2 _ 7) + 
+ D(et+inrlv2 _ 1)} 
where y?=»v/v, and d=0/0,. (12) 


The boundary conditions are 


Fu=1 as n> (13) 
Fy = Fo, =0 on 7=0 (14) 
and 
Foa =F op 
Fa=F» fon n=h (15) 


LG “uw 
VF og = V1F oy 
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The three conditions (15) express the conti- 
nuity of both components of velocity and the 
horizontal component of stress at the interface. 
The first two conditions in (13), (14) are 
already satisfied by (10) and (11). The re- 
maining conditions give simple relations for 
the determination of the constants A, BCs By 
namely 


h+C+d(B+D- h)=o | 
B-D-V2/y(1+i)=0 
Ae- (ti hlv2 _ dBye~+hylva + | (16) 
+ dD yelt+ihylv2 _ (7 — d)\/2/(1 + i) = O 
Ae- +52 _ {Be-G+nh7lV2 _ 


— dDet +542 0 


To find the second order velocity we write 


U1 = 0ÿ1/0y V1 = — dy,/Ox 


where 
Va = (lo)! Uo (x) Ua x) — { Fas ()e2 + Fya(n)} 
(17) 


We are only concerned with the term F,, (7) 
and from equation (6) it must satisfy the 
equations 


‘1 I I LA if L/4 “ 
= Pye 5 Fo Fos +2 (Fos Fou EGP) 


(18) 


in region (a), and 


ut d 1 ’%* 
= Eh) Figo => 5 Fos Fo a 


(19) 


I [Æ 1 * 74 
+ 7 (Foo Fos + Fos Fos) 


in region (b). Substituting for Fy, and Fy, from (10) and (r1), and integrating equations(18) 


and (19) twice gives the following solutions 


Fisa= — ae +C* +2 y2(1- i)}e-atanlva re 
4 


* is 
= En +C+2V2(1+i}e-0-00V + Jn + K, 


d? B* 


dB 
Te 

47 

a? D* 


4y° 


ay 


—{ {-(y? +1)(1 +#)V2+Y(B+D- m)}e-a-dmi + 
Wa 
{(y? +1)(1 +i) V2 +y(B+D-7)sea-omlva + 


“22 {(y% + 1) (1 = i) V2 +p (BY + DE = n) beso 4 


et {BB*e-"rV2 + DD*ewV2 + DB* city V2 + BD*e-inv V2) + 
4 


+ md(1-d)+En+ F, 


where E, F, J and K are constants. The bound- 
ary conditions are 


(22) 
(23) 


F2, = finite as n >» 


Fiss, =0 on 7—0 
and 
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(21) 


he 
Figa=Fiap 


L/4 “Ww 
VF 19g = V1F ot 


| onn=h (24) 


Condition (22) requires that J=o, while 


(23) and (24) determine K, E and F. 
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The steady second order velocity just out- 
side the boundary layer is, from (17) and (20) 


Ay = 07) Uy Uo Finale) = 07 Up Ug Ke (25) 


After considerable simplification we find 


2 _ z S 
Ror) A {h2yR + yT = hV2 T(Q + Q)}+ : 


BR, 
2V2P 2V2y 


_ (7? +2) L£T + Pl - d)?- 


+ Ty? (cosh 21° +cos 21") - y(ı- 


where hy/V2=T, and 


Q, =sin I (y cosh I” + sinh I’) 
Q = cos I (y cosh I" + sinh I’) 
Q,; = cos I" (y sinh 7+ cosh I’) 


It may be shown that this result reduces to 
that of Schlichting, namely 

Fja.(®) = -3/4, = —3 Us Uo/40 (27) 
in the two limiting cases (i) h>o, and (ii) 
yeden 

Values of — Fi. (©) are shown in table 1 


as a function of the non-dimensional parame- 
ters h and y for the case d=1, so that we 


Table 1. The function —F,,, 


y and h|V2 2 when d=1. 


(co) for values of 


Yo y = (mt 
(2v/0)3 0.01 | O.I | 0.5 | 1.0 | 10.0 
ae i 7361| 5.7022| 2.5963] 0.7500| 0.2500 
22 una ar sea 
no [22624 za esas on 
O.I | 0. 8000] Oo. 7995| © 0.7883] 0.7 0.7500] 0.4 
0.0 | Da500! 0.7500| o Penn 0. me 0.7500 


- yQ3 + dQ,) ar (S 3 R) (YQı = 


d)(R sinh 21° + Ssin 27)] 


~ 


Q,=sin I (y sinh + cosh I) 
Q;=cosl'(ysinl' +cos I) 
Q,=cosI"(ysinI’ - cos T°) 
-2dQ, 


P=Q?+Q? =- (I-d) (Q5+Q5e) 


aap? - d)- d} + 


(cos I" sinh I’ +sin I” cosh I’) += lt  d)(2- 7°) + 


Q Fe dQ3)} an 


R(1- d)} (cosh 21° — cos 21") +2yT sinh 21" + 


T = {cos I’ cosh I (1 — d) + d}? + 
+(1-d)? sin? I’ sinh? 7' 


=2u0. +(1 = d)- 
-{Q;- Qs +2 Qı sinh Z'/sin T}. 


assume that either 0,/0 <r,/v or 0/0, <v/v;: 
When y <1, the viscosity near the boundary 
exceeds that in the upper region of the fluid, 
and it can be seen that the drift velocity is 
greater than the value given by (27) for a 
uniform fluid, particul: arly for large values of h. 
When y>1, the fluid near the boundary is 
less viscous than in the upper region, and ‘the 
drift velocity is less than in a uniform fluid 
but still in the same direction. 


Asymptotic forms of the solution (26) are 
of use in showing the effect of extreme viscos- 
ity ratios. As y +0, the fluid near the boundary 
being highly viscous, (26) de to the value 


ee Er - dt (9 


and for all ho and d<2 this is greater in 
magnitude but of the same sign as Schlich- 
ting’s result. 

As y >, the limit is finite only for d=1, 
and then 


Fisa(c) =: 1/4. 


(29) 
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3. Further Generalisations 


In problems of tidal oscillations in estuaries 
it is not permissible to ignore the effects of 
friction, one of which is to cause a progression 
in the time of high water. The motion is 
therefore, to the first order, a number of 
superimposed standing oscillations whose phases 
are functions of the distance, and so in equation 
(1) we must regard U (x) as complex. For a 
uniform fluid the steady second order drift 
velocity is from (27) 


uy = — 3UoU0/40 


where U, is real. When generalised to complex 
U, one readily finds 


ne = {US Us + aera 


—i(U, U5 - Us U,")} (30) 
and for a stratified fluid we may modify (25) 
in the same way, replacing — 3/8 in (30) by 
$F iga( 0). 

Equation (30) gives the steady term in the 
horizontal component of fluid velocity at a 
given position x. The corresponding mean 
velocity for a particle initially at this position 
was shown by Longuet-Higgins (1953) to be 


eh de ou 
v4 funds 5° [vod 


which gives the result 


= ue ’ . 7 
U=- 3 {3 (Uo Us + Uy Us) - 


- si(U, Us - Uy UG )}. (31) 
(50 the particle drift velocity, differs from u, 
only when U, is complex, so that in the case 
of standing oscillations the difference is due to 
friction. For a stratified fluid the particle drift 
velocity is 


(32) 


= — i ! ye ’* 
U] =u, tp U, # Uy Up") 


where #, is the modified form of (30) referred 
to above. 
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Another consideration in applying this 
theory to tidal motion is that the first order 
motion consists of more than one harmonic 
component. If we consider the oscillatory mo- 
tion to be of the form 


Ullsg it)i= DAU, ( se) ein (33) 


then it is not difficult to show that no contri- 
butions to the drift velocity arise from cross 
products of terms in the series (33), and that 
the total drift is the sum of expressions of the 
form (31) generalised as indicated in the case 
of a stratified fluid. 


4. Application to Tidal Estuaries 


The simplest representation of tidal motion 
is as a standing oscillation, with an antinode 
at the landward tidal limit, and a node or 
amphidromic point situated far out to sea 
beyond the region of present interest. The 
length of the estuary is therefore less than a 
quarter-wavelength. Although friction causes 
the time of high water to become progressively 
later as the tidal limit is approached, the phase 
relation between current and surface elevation 
remains basically that of a standing oscillation 
and not a progressive wave [see for example 
PROUDMAN (1953), § 158]. As RAYLEIGH (1883) 
and LONGUET-HIGGINS (1953) have pointed 
out, there exists beneath a standing oscillation 
a circulation within the boundary layer, the 
drift being towards the antinodes at the outer 
edge of the layer and towards the nodes very 
close to the bed. The drift towards the nodes is 
confined to a very narrow region and its 
magnitude is much less than the antinodal 
drift above it, which asymptotically is given 
by the Schlichting solution (27). It is to be 
expected then that the drift just outside the 
boundary layer, towards the antinodes, is the 
more efficient in transporting sediment when 
this is present in suspension to a depth greater 
than the boundary layer thickness. This is a 
landward drift throughout an estuary of con- 
stant or slowly varying section. The preceding 
results show that the existence of a more 
viscous layer near the bed increases the magni- 
tude of this landward drift, so we are assured 
that provided the sediment concentration 
near the bed decreases upwards, then (27) will 
give an underestimate of the drift velocity. 

In addition to the general landward drift, 
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we can also deduce certain local effects. The 
cross-sectional area of an estuary varies along 
its length not monotonically but as a fluc- 
tuating function of the distance from the tidal 
limit. It follows that dU/dx will vanish at a 
number of points along the estuary, and in 
the case of a pure standing oscillation sediment 
will accumulate in regions where the function 
U(x) is a minimum. The effect of friction and 
fresh water river flow is to displace these re- 
gions by an amount which can be computed 
from the mean current data for any particular 
estuary. 


en 


Finally, regarding the accuracy of the anal- 
ysis in section 2, it should be added that in 
accordance with the usual formulation of 
the boundary layer equations gravitational 
terms have been omitted. Since a small density 
difference is required to maintain the strati- 
fication, a density current will arise in the 
presence of an inclined boundary. We there- 
fore suppose the slope to be sufficiently small 
for the density current to be neglected by 
comparison with the second order viscous 
drift velocity. Hence we require that g sin « 


(01 -e)/e <vU/h?. 
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Abstract 


A detailed evaluation is made of the production rate of natural tritium in the pre-thermonu- 
clear epoch. Deuterium and tritium analyses on the same precipitation samples are used to estab- 
lish the uncontaminated tritium levels in precipitation sampled before the Castle tests, and the 
tritium balance is calculated for the North American troposphere. The global mean production 


rate Q, calculated from the geochemical inventory, is found to be 0.5 + 0.3 atoms T/cm? 
sec. This value is three to four times smaller than values found previously by such calculations 
because of the following developments: 

1. The deuterium and tritium data show that the increases in tritium content observed during 
early thermonuclear tests before Castle are due to addition of synthetic tritium rather than to 
random fluctuations. The deuterium-tritium relationships are used to establish the general pat- 
tern of tritium variations over the North American continent and to evaluate the uncontami- 
nated tritium levels. 

2. The mean stratospheric residence time for tritium is found to be about 1.6 years from 
studies on fission product fallout and from the latitudinal variation of stratospheric cosmic ray 
production. 

3. Stratospheric tritium is preferentially injected into the troposphere at high latitudes, as 
shown by fallout observations. The tritium influx into the North American troposphere is 
therefore higher than the mean global value. 

The predicted production rate is calculated from cosmic ray and nuclear cross section data 
using the star production rates in the atmosphere. The predicted mean global tritium produc- 
tion rate during an average solar cycle is found to be 0.25 + 0.08 atoms T/cm? sec. The varia- 
tion in the production rate over an average solar cycle is found to be + 4.5 %. 

Within the uncertainties of the data and calculations, the production rates calculated from 
the geochemical inventory and from the cosmic ray data are in agreement, and there is thus no 


observational evidence for accretion of tritium from an extra-terrestrial source. 


Introduction 


The geochemistry of tritium is a subject 
which has been much discussed during the 
decade since the discovery, by Faltings and 
Harteck and by Libby and his associates, 
that this isotope is continuously formed in the 
atmosphere by cosmic radiation. By 1956 Lib- 
by and his coworkers had analyzed a large 
number of natural waters and had found 
that there was general agreement between 
the global production rate computed from the 


1 On leave from the Tata Institute of Fundamental 
Research, Bombay, India. 
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natural inventory of tritium and that calcu- 
lated from the cosmic ray flux and nuclear 
cross section data, namely about 0.14 atoms 
T/cm? sec. However in 1957 one of us showed 
that previous calculations of the production 
rate from observed tritium concentrations 
had neglected several essential factors, the most 
important of which was transport of water 
vapor out of North America, and that the 


most likely value was a production rate Q of 
about 1.3 atoms/cm? (CRAIG, 1957). It was also 
shown that with the observed concentrations 
in the atmosphere and sea, the mixing rates 
deduced from the better-known radiocarbon 
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data required a figure of similar magnitude. 


BEGEMANN and Lipsy (1957) calculated Q = 2 
from a study of the Mississippi valley water 
balance. 

Since 1957 on the average of two papers 
per year have been published in which trittum 


production rates ranging from Q=1 to 2 
have been calculated from data on natural con- 
centrations, suggesting that the cosmic-ray pro- 
duction rate is too small by an order of mag- 
nitude to account for the pre-bomb tritium 
inventory. The present paper breaks the chain. 
Our treatment of the problem is essentially 
that given by Craie (op. cit.), modified however 
by consideration of several important factors 
and new data which have since been developed. 
Because the comparison of the cosmic ray 
production rate with observed natural concen- 
trations, and the possibility of accretion of tri- 
tium from extraterrestrial sources as suggested 
by several authors, are important geophys- 
ical problems, we have attempted to evaluate 
as carefully as possible the production rate of 
natural tritium from the small amount of 
available data. In what follows, we first dis- 
cuss the associated deuterium-tritium varia- 
tions in precipitation samples and eliminate 
pre-Castle precipitation affected by thermonu- 
clear contamination. We then calculate the 
natural production rate from the observed 
tritium concentrations, and finally compare 
this value with the most accurate calculation 
we can make based on the cosmic ray flux 
and cross section data. 
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Fig. 1. Tritium concentration in Chicago and Ottawa 

precipitation up to the end of 1954. The dates of announ- 

ced thermonuclear explosions are indicated. (Tritium 

data: Kaufman and Libby, 1954; von Buttlar and Libby, 

1955; Brown and Grummitt, 1956; Begemann and Lib- 
by, 1957). 
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Deuterium and tritium analyses of precipita- 
tion 


Tritium analyses of Chicago precipitation 
make up by far the major part of the data on 
natural waters and we therefore begin with 
an evaluation of these measurements (KAUFMAN 
and Lippy, 1954; VON BUTTLAR and Lipsy, 
1955; BEGEMANN and Lipsy, 1957).1 The 
Chicago data, as well as the analyses of Ottawa 
precipitation (BRowN and GRUMMITT, 1956) 
up to and including the year 1954 are shown 
in Figure 1.2? The most prominent feature of 
these data is the large injection of artificial 
tritium as a result of the Castle tests in the 
spring of 1954 (BEGEMANN, 1956). 

Figure 1 also shows, however, that there 
are significant increases in the natural level 
associated with the thermonuclear tests carried 
out before Castle by U.S. and the U.S.S.R.? 
It is unfortunate that there are no Ottawa data 
for the period January 1 to August 1, 1953, but 
as we show below it does not seem possible 
that the natural uncontaminated level in Ot- 
tawa can have been anywhere near as high as 
the values of 20—40 T.U. found from August 
1953 to the Castle tests. If these levels represent 
artificial injection, as we believe, they are 
significantly higher than those observed in 
Chicago during the same period, but this 
phenomenon is definitely observed during 
the Castle injection and the pattern is therefore 
significant. It should be noted that after the 
Castle shots the tritium level in Ottawa preci- 
pitation decayed to a level of about the same 
magnitude as observed in Chicago at that 
time. 

Because the Chicago data do not for the 
most part show increases to levels as high as 
those seen in Ottawa during the seven months 
before Castle, and because of the lack of 
Ottawa data prior to this period, Figure 1 
does not in itself constitute proof of pre-Castle 
artificial tritium injection and it is necessary to 
seck more definite evidence. This can be done by 


! Hereafter these papers are referred to as K-L, VB-L, 
and B-L, respectively. 

? We use the abbreviation I tritium unit (1 T.U.) = 
1x 10-48 atoms T/atom H hereafter. 

$ Our source of information on dates and locations of 
thermonuclear detonations is the paper by TELEGADAS 
(1959). We believe, however, that the tritium data indi- 
cate that the dates announced for some of these tests are 
not precisely accurate, as we note later on. 
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a method of “Isotopic renormalization” based | 


on the comparison of deuterium and tritium 
analyses on the same precipitation samples. 
Deuterium variations in precipitation are due 
to preferential concentration of HDO in the 
liquid phase because of its lower vapor pressure 
relative to H,O, so that in atmospheric water 
vapor passing over a continent the ratio D/H 

ecreases as moisture is removed by precipita- 
tion. The removal rate of HDO is greater at 
lower temperatures because of the increase 
in the isotopic vapor pressure difference with 
decreasing temperature. The precipitation 
process affects the HTO/H,O ratio in the 
same way but to a greater extent because of the 
larger vapor pressure difference in the case 
ef: HTO. 

Figure 2 is an isohydrogram of Chicago, 
Greenland, and Pacific island precipitation, in 
which the tritium content in T.U. is plotted 
vs. the deuterium content of the same samples. 
The deuterium data were measured by one 
of us (H.C.) by mass spectrometric analysis 
of H, obtained by quantitative reduction of 
the original precipitation samples using zinc 
or uranium. The 6 values plotted are the per 
cent deviations of the D/H ratio from that 
of an arbitrary “standard mean ocean water” 
(SMOW)? which is the composite of ocean 
water samples taken from 500—2,000 meters 
depth used as a standard for O18 measure- 
ments by Epstein and Mayepa (1953). That 

D/ rapie 


is, 
öD (%) = D | x 100 
(%) D/Hsmow 


The data plotted in Figure 2 are accurate to 
about + 0.2 %. 

A complete discussion of the isohydrogram 
and the deuterium, tritium, and oxygen data 
in these and other samples will be given 


1 On this scale the 6 values for the NBS water stand- 
ards vs. SMOW are: 


OD (NBS-1) = — 4.76 % + 0.02 
OD (NBS-1A) = — 18.33 % + 0.20 


The relative enrichment of NBS-1A vs. NBS-1 taken as 
the standard is then —14.25 % + 0.25. 

Oxygen 18 analyses were also made on these samples 
and the O!$ data correlate precisely with the D/H data 
according to the relationship: ÖD = 8 dO18 + 1 (both 
6’s in per cent) in agreement with the general relationship 
which has been established for precipitation from all over 
the world (H. CRAIG, 1961). 
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elsewhere. At present, we wish only to compare 
the tritium-deuterium relationships during the 
possible periods of contamination indicated in 
Figure 1. However as we refer to various 
aspects of Figure 2 in later discussions in this 
paper, we shall briefly describe the properties of 
this diagram. The trajectories of points in the 
isohydrogram representing precipitation sam- 
ples derived from an idealized air mass moving 
across a continent are in general governed by 
the following factors: 


I. Preferential removal of the heavy isotopic 
species HDO and HTO relative to H,O during 
precipitation because of the lower vapor 
pressures of the heavy isotopic species. These 
effects are given by the well-know Rayleigh 
distillation equations—see calculations and dis- 
cussion for HDO and H,O}8 by Craic, BOATO, 
and WHITE (1956). 

2. Continuous injection of cosmic ray 
produced tritium as HTO. 

3. Injection of HTO from thermonuclear 
explosions. 

4. Mixing with extraneous water vapor, ad- 
dition of water from continental evapora- 
tion, etc. 


In general, it has been found that the D 
and O18 content of Chicago precipitation 
reflects the dominant source and trajectory of 
the water vapor from which the precipitation 
is derived. Precipitation which can be identi- 
fied as coming from polar air is relatively 
light, values of dD ranging down to - 16 %, 
while precipitation from maritime tropical 
air which has suffered little loss of moisture 
prior to its arrival ranges up to D = o or 
even somewhat higher. The distribution of 
deuterium in precipitation samples taken 
over the two-year period 1953—54 in Chicago 
is shown in Figure 3, in which the lower 
D concentrations in the winter snow samples 
are quite evident. These lower values also 
reflect to some extent the lower temperature 
of precipitation as described previously. Oxy- 
gen 18 measurements on these samples corre- 
late with the D data according to the equation 
given above which seems to hold true for 
precipitation from all over the world, for 
climates ranging from the tropical Pacific 
Ocean to the Arctic and Antarctic. 

Assuming no artificial injection of tritium, 
tropical maritime air should begin a trajectory 
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Fig. 2. Isohydrogram showing tritium and deuterium variations in Chicago, 
Greenland, and Pacific island precipation. Deuterium data (H. Craig, paper in prepa- 
ration) are per cent deviation of D/H ratio from “standard mean ocean water” 
(SMOW). Tritium analyses by K-L, VB-L, and Begemann (1959). The Green- 
land core samples consist of yearly precipitation from summer to summer; the 
connecting arrows and indicated dates show the time sequence from 1944—52 
according to Begemann. We believe the actual precipitation dates may be a year 
earlier than shown (see text). 


at a point close to the origin of Figure 2, 
with a D/H ratio representing approximate 
isotopic equilibrium of the vapor with surface 
ocean water (which has a ö value of about +1 
due to evaporation) and a T/H ratio reflecting 
the approximate steady state balance between 
the tendency to reach isotopic equilibrium and 
the gradient imposed by continuous atmos- 
pheric production with a finite exchange rate 
with the sea. As the vapor moves to higher 
latitudes and inland over continents the factors 
(x) and (2) above will impose various slopes 
upon a trajectory of points plotted in the 
isohydrogram, depending on the varying 
importance of these two effects (we neglect 
the minor complications imposed by item 4 
in this discussion). On the average, however, a 
rather continuous spread of discrete points 


may be expected as the vapor moves from the 
ocean, let us say, northward and/or eastward 
into and over continents. 

In Figure 2 the following data have been 
plotted: 

1. Chicago precipitation, identified as to 
the periods (see Figure 1) (a) prior to January, 
1953; (b) ı January to 1 August, 1953; and 
(c) from 1 August, 1953 to the Castle test 
series. The tritium data for these samples are 
given in K-L, VB-L, and B-L. 

2. Samples of Greenland snow from a 
core taken about 320 km east of Thule at 
altitude 2,300 meters, by H. Bader and E. W. 
Marshall of SIPRE. These samples were 
divided by year of precipitation according 
to the summer melt layer, and each sample 
shown represents a year of precipitation from 
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summer to summer. Two additional samples 
from Thule, of summer snow from 1916 and 
winter snow from 1940—41 are also shown. 
Tritium analyses of these samples have been 
made by BEGEMANN (1959). 

3. Several samples of rain from the Hawaiian 
Islands and one from New Zealand (tritium 
data given in K-L and VB-L). 

The most prominent feature of the isohydro- 
gram is the tendency toward a rather contin- 
uous trend from the Hawaiian samples, 
through the Chicago samples of group ı (b) 
above, to the Greenland samples of pre-Ivy 
precipitation. On the other hand one sees that 
the samples of Chicago precipitation from 
groups I (a) and (c), taken during periods of 
possible artificial injection of tritium, have on 
the average much higher T concentrations 
compared to samples of the same D concentra- 
tions in group I (b) taken from 1 January to 
1 August 1953 when no thermonuclear tests 
were made. We have drawn an arbitrary line 
in the isohydrogram as the approximate 
envelope of these latter samples. If we now 
compare the 6 D values for Chicago precipita- 
tion from 1953 and from 1954, as shown in 
Figure 3, we see that there is no apparent 
tendency for a systematic difference in D 
content, either for rain or for snow, so that 
there is no reason to expect a systematic 
difference in the HDO-HTO relationship 
from one year to the next. Yet the T contents 
for samples of quite similar 6D values may 
differ by as much as a factor of 5 and by much 
more in the case of one sample from Novem- 
ber, 1952 which plots off the diagram. 

In Figure 2 we have also shown the month 
in which the Chicago samples were collected, 
and one sees that even in samples from the 
same season of the year the T levels in the 
different periods can be quite different for the 
same 6D values. Moreover, we have indicated 
by connecting arrows samples separated by not 
more than a day in time, and in two cases, 
August 3—4 and January 20—21, 1954, there 
is a striking sudden increase in tritium while 
the deuterium concentration remains practically 
constant. Such a phenomenon requires the 
existence of relatively large tritium gradients 
in moisture which is arriving with a homoge- 
neous D (and O18) concentration, and which 
would therefore be expected to have had a 
uniform history of precipitation and trajectory. 
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Fig. 3. Deuterium variations in Chicago precipitation for 

two years, showing 0 D relative to SMOW (cf. Figure 

2). Not all precipitation was analyzed. (From a paper in 
preparation by H. Craig.) 


By far the easiest way to achieve such gradients 
is by the sudden injection of tritium into a 
portion of a relatively uniform system. On 
the other hand, the points shown for December 
2—3, 1954, represent the type of change 
which may well be entirely meteorological 
in origin, regardless of whether any artificial 
T is or is not present. 

The U.S.S.R. thermonuclear test of August 
12, 1953 was announced by the U.S. as “part 
of a series” (TELEGADAS, 1959) and if our inter- 
pretation is correct, the August 3—4 points 
indicate a shot somewhat earlier. We have no 
explanation for the point shown for October 
14, 1952, just prior to the announced date of 
the Ivy shot. 


Thermonuclear tritium in Ottawa and Green- 


land 


The importance of the conclusions obtained 
from the isohydrogram lies in the strong 
evidence of appreciable contamination during 
the period of Ivy and the U.S.S.R. thermonu- 
clear tests (and possibly during Greenhouse). 
The first Ivy shot (Mike) was a refrigerated 
fusion device which presumably contained a 
liquid deuterium-tritium mixture and thus 
released directly a relatively small amount 
of pre-synthesized tritium (CAMERON, 1959). 
The amount of artificial T injected into the 
atmosphere was much less than in the Castle 
and subsequent shots, which probably pro- 
duced tritium by the Li® (n, «) T reaction. No 
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information is available to us on the mechanism 
of the 1953 U.S.S.R. shots. The Greenhouse 
mechanism was presumbly even more primitive 
than Ivy, and it seems fair to conclude that 
Chicago precipitation levels from 1 January to 
1 August 1953 can be taken as fairly representa- 
tive of the natural level, especially when we 
consider the rapid removal of artificial tritium 
from the troposphere after Castle (Figure 1). 

The Ottawa samples from 1 August 1953 
to Castle show much higher values than the T 
levels observed in Greenland snow. The 
deuterium content of precipitation and river 
samples taken from British Columbia and 
Alaska through northern Canada to the east 
coast and into Greenland is very uniform at 
about the average value found in the Thule 
samples, or a little lower (H. Craic, paper in 
preparation). On the other hand, a sample 
from the Ottawa River, 4 August 1954, gave 
6D = - 7.9 %, while the lightest sample found 
in this general area, from the Riviére 4 Claude 
on the Gaspé Peninsula, 25 June 1954, gave 
6D = - 10.4 %. Since average Chicago preci- 
pitation will plot on the isohydrogram at 
about OD =-— 5%, T/H =6 T.U., Ottawa 
precipitation would normally be expected to 
plot somewhere between the Chicago and 
Greenland averages, whereas it actually con- 
tains about twice as much T as Greenland 
precipitation during the period in question. 
These data thus provide further evidence for 
pre-Castle contamination. 

Tritium. variations in the Greenland samples 
shown in Figure 2 have been discussed by 
BEGEMANN (1959) who pointed out that the 
high value found for summer 1952—summer 
1953 precipitation is most probably due to 
artifical contamination from the Ivy tests, so 
that the layers for the following years contain 
the tritium injected by Castle. In addition to 
the data shown in Figure 2, there were two 
more layers in the core which are not plotted; 
the dates and observed T concentrations for 
these sare: .1954—55, 212 T,U.;rand 1955— 
56, 101 T.U. (BEGEMANN, 1959). Deuterium 
measurements on these two samples gave 
6D = -23.6% for each, very close to the 
values found for the samples plotted in Figure 
2. Thus the D/H ratio is practically constant 
throughout the core, indicating that the high 
T concentrations from 1952 on are indeed 
due to artificial tritium. This evidence from 


the isohydrogram is further strengthened by 
the fact that the core data plotted cover a 
complete sunspot cycle from the minimum in 
1944 to the following minimum in 1954.1 


Pre-thermonuclear tritium levels 


We conclude that the isohydrogram presents 
a reasonable picture of the pattern of tritium- 
deuterium variations in North America when 
injection of artificial tritium is not of ‘major 
importance. The effect of contamination in 
Chicago precipitation from August 1953 to 
the Castle tests is shown in Table 1, in which 
we summarize the data for the period 1 January 
to 1 August, 1953, during which no tests 
were held and the Chicago level was relatively 
constant, together with the data from August 
1953 to the Castle tests. Weighted means are 
not available for the latter period, but the un- 
weighted means indicate that during this time 
the Chicago tritium levels were increased by 
about 1.7 in rain, 2.4 in snow, and by an 
overall average of about a factor of 2. The 
higher increase factor observed in snow is in 
agreement with the very low 6 values of 
ten found in snow (see Figure 3) indicating 
the presence of vapor derived from high 
latitudes and therefore more subject to con- 


1 It appears, however, than the dating given by Bege- 
mann is incorrect by one year, at least in the upper part 
of the core. The observed value of 29.2 T.U. for summer 
1953—54, a period which included both the U.S.S.R. 
and the Castle tests, seems much too low considering 
that Ottawa precipitation averaged about 30 T.U. during 
the eight months before Castle, and about I 000 T.U. for 
the four months from Castle to summer, 1954, and that 
the Castle tritium appeared in Chicago and Ottawa al- 
most immediately. The seasonal distribution of precipita- 
tion at the location of the core is not known to us, but 
PETTERSSEN ef al. (1956, Table 15) show that at Thule, 
about 80 % of the annual precipitation occurs from July 
through February. Taking the Ottawa levels as given 
above, weighted 80/20 for the two periods, we calculate 
an approximate mean value for this period as 200 T.U., 
which may be compared with the value 212 T.U. given 
by Begemann for the 1954—$5 layer, a period in which 
no increases were observed in Chicago. We conclude 
that the dates shown in Figure 2 should be put back one 
year, and that the first observed increase, to 21.7 T.U., 
represents tritium from the Greenhouse test incorporated 
in a summer melt layer and showing up in the snow for 
1951—52. The following layer with 29.2 T.U. would 
then contain the artificial tritium from Ivy. If our inter- 
pretation is not correct it is necessary to assume that 
Castle tritium arrived simultaneously and almost imme- 
diately at Chicago and Ottawa but took at least five 
months longer to get to Greenland, which seems improb- 


able. 
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Table 1. Tritium assays (T.U.) of pre-Castle 
Chicago precipitation. 
(Data from KAUFMAN and Lissy, 1954, von BUTTLAR 
and Lissy, 1955). 


Beriöd Unweighted Weighted 
mean mean 
I. r January—ı 
Augusı 1953 
Summer rains... 73 783 
Winter rains.... 5.5 3.9 
AREAS u 6.4 5.7 
SHOW aoe. er 9.2 9.6 
All precipitation 720 6.0 
II. 3 August 1953—2| Unweighted Ratio of 
March 1954 mean means II/I, 
=increase 
factor 
RATE ua 10.8 ny) 
SELON ES cers ee < 22.5 2.4 
All precipitation 13.5 ~2 


tamination from the Russian tests. Humidity 
and total precipitation factors do not account 
for the difference; this point will be discussed 
elsewhere together with the details of the 
isotopic data. 

The weighted mean of Chicago precipita- 
tion from I January to I August, 1953, is 
6.0 T.U.; this should be a good annual average 
inasmuch as it includes both winter and 
summer precipitation covering almost the 
entire range of D/H variation (Figure 3). 
The extent of possible remnant contamination 
from Ivy can be answered approximately by 
comparison with data on two old samples 
of Illinois precipitation (K-L); water collected 
August, 1952 from a Decatur cistern gave 5.9 
T.U., and water from a Sullivan cistern about 
15 years old gave 6.3 T.U. extrapolated to 
time of origin. It seems likely therefore that 
the precipitation during this period was not 
significantly contaminated; we shall take the 
tritium content of average pre-thermonuclear 
era Chicago precipitation to be 6.0 T.U., and 
hereafter we refer to the period 1 January—1 
August, 1953, as the “clean period”. 

The only other extensive set of precipitation 
data is that reported by GILETTI, Bazan, and 
Kure (1958) for New York rains. Unfor- 
tunately all their pre-Castle samples were 
taken after October, 1953, during the period 
of contamination from the U.S.S.R. thermo- 
nuclear tests. In order to make an approximate 
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estimate of the natural level in N.Y. rain it is 
necessary to apply a correction factor to their 
data. There are enough data on Chicago 
precipitation to insure that the contamination 
factor estimated in Table I is statistically 
significant, and we assume that an approxi- 
mately similar factor applies to the N.Y. data. 
Deuterium concentrations are quite similar 
in waters from the two areas; average Chicago 
precipitation is about— 5 % relative to SMOW, 
while the following 6D values have been ob- 
tained for N.Y. area waters: 


Lake Erie (17 July, 1954) — 5.3% 
Lake Ontario (19 Sept., 1948) -4.6% 
Lake Ontario (20 July, 1954) — 5.0 % 


Niagara River (12 March, 1954) — 5.3% 
Hudson River (27 June 1954) — 6.0% 


(H. Crarc, paper in preparation). Considering 
the relationships shown in the isohydrogram, 
we conclude that the average moisture 
received by the two areas is similar enough in 
history that the Chicago correction can be 
applied to N.Y. data. 

There are only three snow samples in the 
pre-Castle Lamont data and these analyses 
vary by a factor of three in T content, but 
there are eleven rain samples which fell between 
25 October 1953 and 3 March 1954 with an 
unweighted average T content of 9.45 T.U. 
Dividing this by 1.68, the increase factor found 
in Chicago rain during this period, we obtain 
a value for the natural level of 5.6 T.U. 
which agrees well with the average of 5.9. 
T.U. obtained for three N.Y. wines (K-L), 
and therefore fixes an approximate figure for 
uncontaminated N.Y. precipitation. 

In Table 2 we list all the available data for 
pre-thermonuclear era precipitation, including 
the approximately corrected N.Y. value and 
the average figure derived for Chicago 
precipitation during the clean period. The 
two Hawaiian samples listed are plotted in 
Figure 2 together with three other Hawaiian 
rains and one New Zealand rain taken during 
the period October—December, 1953. Two of 
the Hawaiian rains of this period contained 
0.67 and 0.73 T.U. (VB-L) indicating that an 
average figure of 0.6 is not a bad average for 
the natural level in Hawaiian rain. 

In our calculations of the natural tritium 
production rate we have not considered data 
from lakes, reservoirs, or wells, since the age 
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Table 2. Tritium levels in pre-thermonuclear pre- 
cipitation. 


Tritium content 


Sample (T.U.) 


Greenland snow (1944—52)| 12.4 Begemann 


(1959) 

Chicago precipitation 

(Clean period) EEE CEE 6.0 (K-L, VB-L) 
New York rain (Lamont| 5.6 Giletti ef al. 

data scorreeted)eker tr (1958) 
Three New York wines 

(OV Kole o Sigs o Sb econ 5.9 (K-L) 
Arkansas snow (January, 

OG EG ern le 5.5 (K-L) 
Arkansas rain (February, 

TOSS Verse coe eye erase se sates 2.25 (VB-L) 
Four French wines, Bor- 

deaux (1928—45) 4.4 (K-L) 
Four French wines, Rhone 

Valley (1929—51)...... 3.8 (K-L) 
Three Spanish wines, Jerez 

de la Frontera (1942—51)| 3.1 (VB-L) 
Philippine Islands rain 

(Aes HOG Matos occurs 0.9 (VB-L) 
Two Hawaiian rains...... 0.61 (VB-L) 


(March and July, 1953) .| 0.59 

of such water at the time of collection is 
always in question. The only other data 
available refer to pre-Castle samples of surface 


Table 3. Pre-Castle oceanic mixed layer tritium 
analyses. 


S Tritium content 
ample 


(2 SUE) 

Pacific, off California, 

GO) S ire eme 0.54 + .02 (K-L) 
Atlantic, Gulf Stream, 

QTE 2 he ie nha etre one 0.19 + .05 (VB-L) 
Atlantic, 300 miles from 

IN YOR RNA ee 0.55 + .04 (VB-L) 
Samesamiple ec Wr. a 1.31 (GBK)! 


Atlantic, Sargasso Sea 

OV MOG 9 7 Et mrlmeriel O20) a 
Same sample. Mesh. 
Atlantic, Sargasso Sea, 


CHANT ER TO CE 1.6 +0.1 (VB-L) 
Samessamplermu eisen 0.92 (GBK) 
Atlantic, 10/80/52... 2.2 +.25 (B-L) 

1.8 4 .25 
ALLAN TO 22 52000... LS ok ei) 
ACMIC 10/28/52). nleml. er 1.05 NB AE) 
1.0) +.1 
leche hater, 10/20/52 na ways 2b 2 NEED) 
Paco aL L/ MOV 52s, ces 10 + 1 (B-L) 
Bacıke, 12 10522. RER MO SE EEE) 
Eleven Atlantic samples, 
7220 02152 a. Aaaek 0.62 to 1.5 (GBR) 


1 Giletti, Bazan, and Kulp (1958) 


ocean water. These data are shown in Table 3. 
It is obvious that not much can be said about 
the pre-Castle ocean from these measurements. 
For example, the analyses of GILETTI, BAZAN, 
and Kurp (1958) are 1 T.U. higher for two 
samples, and 0.7 T.U. lower for a third, 
compared with measurements on identical 
samples by VB-L.1 

The Lamont data are corrected for a blank of 
0.3 T.U. found for dead water; Libby and his 
co-workers do not report any blanks. It is 
difficult to account for the generally high 
values found by B-L relative to the earlier data 
of VB-L and K-L except by assuming labora- 
tory contamination due to the high atmos- 
pheric levels during the times of measurement. 
The average surface ocean water after Castle 
is about 2 T.U. as measured at Lamont and 
Chicago, and assuming that all of this is due 
to Castle production, we can estimate from 
Figure 1 that, considering atmospheric levels 
only, the Ivy and U.S.S.R. tests could not have 
produced more than about 10 % of the amount 
of T produced by Castle, which would there- 
fore have raised the surface sea water level by 
possibly 0.2 T.U. as an upper limit. Of course 
this estimate does not include direct local intro- 
duction into the sea, and there is some evidence 
from the very high values obtained by B-L 
in the Pacific after Ivy that this may be signif- 
icant, though one would still expect the 
effect to be considerably smaller than in the 
case of the Castle tests, and also that it would be 
completely diluted before reaching the Atlan- 
tic. 

It is possible to calculate the rate of introduc- 
tion of tritium into the troposphere by two 
basic methods (Craic, 1957). The first of 
these considers the balance in the oceanic 
mixed layer, assuming an oceanic mixin 
model with parameters given by radiocarbon 
data.? The introduction rate calculated by this 
method is a very sensitive function of the 
amount of tritium in the mixed layer. Consider- 
ing the disparity between Lamont and Chicago 


* Lamont sample numbers are given by VB—L, but 
GILETTI, BAZAN, and Kutp do not list their sample num- 
bers so that comparisons cannot be made from their pa- 
per. We have looked up the sample numbers and de- 
scriptions in their original reports. 

* The calculation cannot be made for the global trop- 
ospheric balance without making an assumption about 
the rate of molecular exchange of H,O between the at- 
mosphere and the sea. See discussion by Crate (in press). 


Tellus XIII (1961), 1 


THE PRODUCTION RATE OF NATURAL TRITIUM 93 


data on the same samples, and the scatter of 
data in Table 3, we do not believe a meaningful 
calculation can be made by this method. 
A high upper limit of about 0.65 T.U. for 
the mixed layer T concentration can be 
derived from the Hawaiian rain trajectory in 
the isohydrogram, assuming no T enters the 
troposphere (CRAIG, in press), but no good 
ower limit can be estimated. The second 
method is based on the precipitation data and 
water balance for the North American 
continent, using the data in Table 2; we 
make this calculation in the following section. 


Tritium balance in the North American trop- 
osphere 


We now calculate the net introduction 
rate of tritium into the North American 
continental troposphere by direct tropospheric 
cosmic ray production and by downward 
mixing from the stratosphere. The flux of 
tritium from these two sources is termed 
the gradient flux into the North American 
troposphere, ¢; (NA) (cf. discussion of the 
similar term for the global troposphere in the 
following section). The overall water balance 
for North America is known from the data 
of BENTON and Estoque (1954) who measured 
the net transport of water vapor at a series 
of stations around the continental border in 
1949 (Figure 4). We shall make the balance 
in the troposphere over the continent, rather 
than for the system troposphere + continent, 
because we do not have sufficient data to 
estimate accurately the tritium removed from 
the continent in runoff. The vapor transport, 
precipitation, and evaporation fluxes into and 
out of the continental atmosphere are given 
in the first column of Table 4. The equation 
for the atmospheric tritium balance is: 


4.73 dr (NA) = Yet, E- V;T; as 
LPT) = BEHHAT, 


in which the symbols are defined in Table 4, 
except for the last term which is the decay of 
tritium in the atmosphere, A being the 
standing water content and T, its tritium 
content. This term can readily be shown to be 
of the order of 0.01 and can always be neglected. 
pi (NA) is the gradient flux of tritium into 
the North American troposphere by direct 
cosmic ray production and stratospheric 
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Fig. 4. North American continental boundaries used in 
the vapor transport study by Benton and Estoque (1954). 


injection, and 4.73 meters of water/year = 1018 
H atoms/cm? sec. 

The tritium content of evaporating vapor 
on the continent can be obtained from the 
average precipitation value, as these concentra- 
tions must be quite similar (BOLIN, 1958). 
The exposed area of lakes and rivers is so 
small that they cannot contribute significantly 
to the large amount of evaporation and 
transpiration which takes place in the soil 
before the precipitation reaches these storage 
units. Moreover, this evaporation will take 
place so soon after the precipitation falls that 
no tritium can be Jost by decay, and the only 
effect on the tritium content of the evaporating 
vapor will be isotopic fractionation. If a small 
amount of water evaporates the single stage 
factor will apply, so that T, is about 0.91 T, 
(SEPALL and Mason, 1960), whereas if it all 
evaporates I, = T,; moreover the effect in 
transpiration will be small if the plant transpires 
most of the water it takes in.! Therefore we 
may set T, = 0.95 T, as an average value for 
the continent. 

Fortunately, it seems that Chicago and New 
York precipitation, the only extensive set of 
uncontaminated tritium data, should be a 
reasonably adequate approximation to the 
mean type of precipitation on the continent. 


1 The water in a tomato grown outside Chicago had 
OD = — 2.5 %, about the same as mean Chicago rain. 
If we can extrapolate from tomatoes to grapes, this result 
indicates that the wine data in Table 2 have probably not 
been significantly affected by isotopic fractionation. 
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For example, the distribution of precipitation 
over the continent, as shown by REED (1941), 
and the trend of D and T concentrations in the 
isohydrogram, indicate that the precipitation 
received at Chicago should be an approximate 
average both with regard to amount of precipi- 
tation and absolute tritium content. The 
southeastern U.S. receives the most precipita- 
tion, but its area is small and the T content of 
the incoming vapor is low because of recent 
derivation from the ocean. 6D values of 
waters in this area range from - 1 to - 2%. 
The west and northwest sections of the 
continent receive less precipitation, but they 
make up more of the area. Rains along the 
U.S. Pacific coast show 6D = — 4 to - 5%, 
while inland waters from the Canadian 
border to the Beaufort Sea, in the western 
half of Canada and in Alaska, show 6D 
uniformly about — 12 to — 16%, so that the T 
content of the precipitation will be correspond- 
ingly high (cf. our discussion of trajectories in 
the isohydrogram). 

This pattern can be correlated roughly 
with Figure 5, taken from BENTON and 
Estoque (1954), which shows the average 
integrated water vapor transport for the 
year 1949. In this figure one can see that 
Chicago and New York lie approximately on a 
sort of median convergence line between the 
major vapor trajectories into the continent 
across the Gulf coast and the Pacific coast. 
The large dD variations in Chicago, shown in 


Fig. 5. The integrated water vapor transport (surface to 

400 mb) for the North American continent, averaged for 

1949. The figures are vapor transport in grams/cm sec 
(Benton and Estoque, 1954). 
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Figure 3, which have a-range equal to that 
found over the whole continent, and the 
associated T/H variations shown in Figure 2, 
are a measure of the sampling of northern and 
southern air during the seasonal migration 
of the polar front between Manitoba and 
Florida. Considering these variations, the 
fact that the U.S. gets slightly over half the 
continental precipitation with the highest rate 
in the southeast U.S., and the indication from 
Figure 2 that the Greenland snow probably 
represents a maximum value for any precipita- 
tion on the continent, we do not believe that 
the mean tritium content of North American 
precipitation could possibly have been greater 
than 8 T.U. or less than 4 T.U. in the pre- 
thermonuclear epoch. Accordingly we con- 
clude that we can take the Chicago and 
New York averages in Table 2 as the continen- 
tal average, and we set T, = 6 + 2 T.U. 

In order to estimate the amount of tritium 
transported by vapor, the liquid-vapor frac- 
tionation factor for HTO is needed. We 
have obtained this in the following way. 
The ratio between deuterium and oxygen 18 
variations in worldwide precipitation samples 
is uniformly about 8, indicating an average 
temperature for precipitation-vapor equilibri- 
um in the atmosphere of about — 10°C + 10° 
(H. Craic, 1961). Extrapolation of the data of 
SEPALL and Mason (1960) for minimum and 
maximum slopes shows that the liquid-vapor 
fractionation factor for HTO at —10° C may 
be taken as x = 1.1 +0.1. The actual rela- 
tionship between the T/H ratios in mean vapor 
crossing a boundary and precipitation observed 
in storms will depend upon whether an open 
or closed system is assumed as a model, but in 
all cases the T/H ratio of mean vapor will vary 
between limits of the mean ratio in precipita- 
tion, or this ratio divided by «. Therefore « 
as given above, with the limits noted, can be 
taken as a mean value covering all possibilities. 

According to BENTON and Estoque (1954) 
about half the vapor entering the continent 
comes in along the Gulf coast and southwest 
border boundaries (Figure 4), and about half 
comes in along the Pacific coast, with a princi- 
pal vector at about 50° of latitude (Figure 5). 
The precipitation characteristic of such vapor 
is estimated as follows. There is undoubtedly 
a latitude effect in the tritium content of 
marine vapor due to the occurrence of the 
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stratospheric injection site in high latitudes. 
For the Pacific coast vapor we use the French 
and Spanish wines in Table 2 (in which 
fractionation is probably not important; cf. 
our comment on the deuterium content of 
natural tomato juice) especially at Bordeaux, 
assuming an average’of 4 T.U. for the character- 
istic precipitation. For the Gulf and southwest 
border, the Hawaiian and Philippine rains 
(Table 2) and our estimated upper limit for 
the mixed layer, indicate that average precipita- 
tion from such vapor will have about 1 T.U. 
Also, a measurement on a Puerto Rican river 
gave 1.1 T.U. (VB-L). Therefore we take 
the precipitation characteristic of the mean 
incoming vapor as about 2.5 T.U., and we 
assume for the incoming vapor T, = 2.3 + 0.5 
TEASE 

About 32 % of the outgoing vapor leaves 
along the Labrador coast boundary, and about 
68 % along the Atlantic coast border, according 
to the measurements of Benton and Estoque. 
The characteristic precipitation from Labrador 
coast vapor is taken as the mean of Greenland 
snow, and New York precipitation as estimated 
from rain and wine, or about 9.0 T.U. The 
Atlantic coast shows a fairly uniform outward 
flux (Figure 5); we have divided it in half, 
and taken New York precipitation as charac- 
teristic of the northern half, and the mean of 
New York and estimated Gulf coast precipita- 
tion for the southern half, for a mean Atlantic 
coast precipitation level of 4.75 T.U. Weight- 
ing these two means according to the propor- 
tions given by Benton and Estoque gives 6.1 
T.U. for precipitation from outgoing vapor; 
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and we take T, = 5.5 + 0.9 T.U. for the out- 
ward vapor transport from the continent. 

In Table 4 we summarize the water transport 
data, the estimated natural tritium concentra- 
tions, and the flux of T by each route. The 
limits of uncertainty indicated for the tritium 
flux data are those estimated from the tritium 
concentrations and the uncertainties in aver- 
aging and in «; these errors are believed to be 
much more important than the uncertainties 
in the Benton and Estoque transport values 
which probably tend, to some extent, to 
cancel each other, and which are, in any case, 
unknown. It should be remembered, however, 
that these values actually apply only to the 
year 1949. The removal of tritium by vapor 
transport is seen to be four times as great 
as removal by precipitation to the continent. 

The net introduction of tritium into the 
North American troposphere, by tropospheric 
cosmic ray production and stratospheric mix- 
ing, is found to bed; (NA) =0.64 + .33 atoms 
T/cm? sec, for the pre-thermonuclear epoch. 
We shall use this value to estimate the global 
tropospheric and total atmospheric production 
rates of natural tritium. 


The gradient flux of tritium into the global 
troposphere 


Prior to entrance into the sea, tritium is 
introduced into the troposphere by direct 
cosmic ray production and by stratospheric 
injection during the downward mixing of 
stratospheric air across the tropopause. We 
shall call the sum of these two introduction 
rates the gradient flux, di, ie. the mean 


Table 4 Values of annual water transport, pre-thermonuclear titrium concentrations, and tritium 
flux, estimated for North American troposphere. 


Annual net flux 


Tritium content? Tritium flux? 


H,O (meters)? | (CW) (atmos T/cm? sec) 
Mapor Seato andere isis ps) V, = 087 | Tr ='2.3 280.5 | + 0.42 + .08 
Wanomy land to Sede. ern Ve = O72 I 5500 — 0.84 + .14 
IPRECHOIANENOING © oo Bbw modo bOUD Coots 12 = OOS: i= Oral \ 720.058) = 
RG POLAUION cts ee. eme cer Be 0058 (RO NON — 0.22 + .07 


& (NA) = 0.64 + .33 


1 Data from BENTON and Estoque (1954). Evaporation was calculated (a) as the difference between 
precipitation and estimated contirental runoff, E = 0.50, and (b) from atmospheric transport data 
and estimated change of atmospheric reservoir, E = 0.56. We have taken the mean of these two values. 

2 Errors shown are calculated for & = 1.1, except for the final value of the net T flux where the limits are the 


total range including the uncertainty in «. 
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Fig. 6. Stratospheric Sr®° deposition through spring, 1958. 
From Machta and List (1959). 


introduction rate exclusive of back mixing 
from reservoirs farther down the gradient 
(in this case the sea and the continental standing 
water). 

The steady mixing fluxes of stable and 
radioactive isotopes from reservoir i to 
reservoir j are termed ¢;-; and $;-; respec- 
tively. 

In order to calculate the global tritium 
production rate Q, we first need to calculate the 
tropospheric gradient flux d from the 
North American tropospheric gradient flux 
&: (NA) obtained in the previous section. To 
evaluate the ratio ¢;/¢; (NA), the distribution 
of cosmic ray production between stratosphere 
and troposphere, and the distribution pattern 
of stratospheric injection into the troposphere, 
must be known. 

In a later section of this paper we calculate 


Q directly from cosmic ray data. The relative 
production rates in the stratosphere and 
troposphere can be obtained from the relative 
star production ratios, independent of the 
normalization to absolute values, because the 
triton yield per star does not vary more than 
15 % throughout the atmosphere. The tropo- 
spheric and total global triton production 
rates as a function of geomagnetic latitude, 
assuming constant triton/star ratio, are shown 
in Figure 9; the integrated fractions of total 
production in the troposphere and stratosphere 
are Q/Q = 1/3; Qu/Q = 2/3. 

The ratios of North American to global 
production rates are obtained by integrating 
the star production rates over the continent 
(30—65° latitude, using the area defined in 
Figure 4); this can be done with respect to 


30° 40° 50° 60° 90° - 
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latitude only, because the east-west continental 
dimension happens to be practically constant 
over the area considered." The ratios of 
North American to global star production 
rates/cm? in the troposphere, stratosphere, and 
total atmosphere, are then found to be 0.97, 
1.67, and 1.40 respectively: Thus the continen- 
tal shape is such that the North American 
troposphere is almost a perfect average for 
global tropospheric production. 


The general features of the distribution of 
stratospheric tritium can be evaluated from 
the studies on fission products injected into the 
stratosphere by nuclear weapons because the 
fission products are removed from the strato- 
sphere by air circulation rather than by gravita- 
tional settling. Models for stratospheric-trop- 
ospheric mixing have been proposed by LiBBy 
(1959), Macuta (Macuta and List, 1959), 
and MARTELL (1959); a detailed discussion of 
these models and of the most recent data is 
given by Martell and reference is made to his 
paper for details. The minor differences 
between these models do not affect our 
discussion which is based on the following 
general characteristics: 


1. The fallout pattern of stratospheric 
activity shows a pronounced peak at middle 
latitudes, regardless of the latitude of injection. 
Figure 6 from Macuta and List (1959) 
shows the latitudinal distribution of Sr 
fallout; practically all of this material is of 
stratospheric origin (LIBBY, 1959; MARTELL, 
1959). 

2. The average residence time of material 
injected into the stratosphere is a function of 
the injection latitude. The residence time is 
of the order of 5 years for high altitude 
equatorial injection, but for middle and high 
latitude injection it is of the order of 6 months 
to a year (MARTELL, 1959). 

From these observations, it is possible to 
calculate the approximate ratio of the global 
and North American tropospheric gradient 
fluxes for three limiting types of stratospheric 
tritium injection. For this purpose we may 
assume that there is no stratospheric decay 
(cf. the mean residence time derived in the 
next section) and we take the mean tropo- 
spheric production rate in North America as 


1 That is, we integrate S(@) dO, and compare with 
S(©) cos © dO, where S is the star production rate. 
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equal to Q, as noted above. Then the tropo- 
spheric gradient flux ratio may be written: 


di lp: (NA) = Q/(Q, + FQ,) = 3/(1 +2F) 


where F is the ratio of the tritium flux from 
the stratosphere into the North American 


troposphere to Qy. The following limiting 
cases are readily derived from the parameters 
discussed above: 

I. We assume all stratospheric tritium is 
injected into the troposphere between latitudes 
30 and 90°. Then F=2, and the gradient flux 
ratio as written above is 0.60. 

2. We assume that stratospheric injection 
occurs at the tropopause at all latitudes with 
relative rates/cm? as given by the Sr? strato- 
spheric fallout curve in Figure 6. From this 
curve one can see that the mean fallout rate/cm? 
over North America is about three times the 
rate for the rest of the troposphere. Then 
F=1.5 and the gradient flux ratio is 0.75. 

3. We assume that only the tritium produced 
in the North American stratosphere is injected 
into the North American troposphere. Then, 
as given above, F=1.67 and the gradient 
flux ratio is 0.69. 

Case 1 is the most likely, but in order to 


have reasonable limits for Q we shall take a 
mean value of &/6& (NA) = 0.68 + 0.08. 
From the value obtained previously for ¢; 
(NA), we find the mean flux of tritium into 
the global troposphere from production and 
stratospheric injection to bed; = 0.44 + .27 
atoms T/cm?. 


Calculation of O from the geochemical in- 
ventory 


Using the terminology defined at the 
beginning of the previous section, the steady 
state tritium balance in the stratosphere is 


given by: 
Qut bis = bre FANS 


The back flux from the troposphere, 7-5 is 
completely negligible because of the very 
small amount of water in the stratosphere. 
If internal mixing in the stratosphere is rapid 
enough, relative to the decay constant /, so 
that significant tritium gradients are not pres- 
©) 5 * * 
ent, then we may write di, = Ns ®s-1[ Ns 
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where the * signifies the radioactive, low con- 
centration, isotope and the unstarred terms 
refer to the stable species. We also write 
Nu /se-+= Tu, the residence time or average 
life of a water molecule in the stratosphere 
relative to exchange into the troposphere. 
The stratospheric balance equation may then 
be written: 


Os = pa- (1 + At.) 


in which we have only assumed that tritium 
obeys first order kinetics because of its low 
concentration and rapid internal mixing. The 
gradient flux of tritium into the troposphere 
is the sum of the tropospheric production 
rate and the mixing rate from the stratosphere, 
and remembering the proportionality factors 
between total, tropospheric, and stratospheric 
cosmic ray production rates deduced earlier, 
we have, finally: 


all “| Tt, | 
— =—+ 
Ops 1 rer 


where ¢; is the mean global tropospheric 
gradient flux calculated in the last section, and 
we have written Al as T,, the mean radioactive 
life (18.0 years). 

As discussed in the previous section, the 
fallout studies indicate a variation of the 
stratospheric residence time with the latitude 
of injection into the stratosphere (MARTELL, 
1959). We have therefore assumed a graded 
series of stratospheric residence times over 
four latitude intervals, based on Martell’s 
work, and we apply these factors to the 
relative fractions of stratospheric tritium 
produced by cosmic rays in these intervals, 
as evaluated from the latitudinal production 
curves given in Figure 9 in a following section. 
The assumed intervals, residence times, and 


stratospheric production fractions are as 
follows: 
Latitude Residence Braction of total 
Tat 1 H Stratospheric 
RR ze Production 
o—20° 6+ 2 years 82% 
20— 30° 3-+ I years IR, 
30—45° 1.5+.5 years 20.95 
> 45° 1.0+.3 years 65 % 
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The mean residence time for stratospheric 
tritium, relative to removal to the tropo- 
sphere, is then found to be 1.6 +0.5 years, in 
which we have used the maximum limits 
given above. Therefore only 8% of the 
tritium produced in the stratosphere decays in 
the stratosphere and 92 % is injected into the 
troposphere. 

From the stratospheric balance equation and 


the mean residence time we then have Q= 
(1.06 + .02) d, and with the gradient flux 


obtained in the last section we obtain: Q = 
O62 atom jem Mise ras the mean 
global production rate calculated from the 
geochemical inventory. The errors assigned in 
the various stages have been kept as maximum 


deviations, rather than combined as statistical 


errors, and we take in round numbers Q = 
0.522 0:3. 

The single most serious assumption in this 
calculation seems to us to be that the average 
North American precipitation tritium level 
can be taken as the Chicago and New York 
mean, plus or minus 2 T.U. Our study of the 
precipitation data and the isohydrogram 
leads us to believe these limits are justified.! 


We turn now to the calculation of Q from 
the cosmic ray and nuclear cross section data, 
independent of the inventory. 


Calculation of O from cosmic ray data 


The cosmic ray production rate of tritium 
has been calculated directly by FIREMAN and 
RowLAND (1955) and by CURRIE et al. (1956) 
who obtained values of 0.2 and 0.14 tritons/ 
cm? sec. BENIOFF (1957) recalculated the tritium 
production rate using the theories of nucleonic 
cascade development in the atmosphere, and 
obtained a slightly higher value of 0.31 
atoms/cm? sec. SIMPSON (1960) has estimated 
that the low energy (~ 100 Mev) solar 
protons incident at the polar regions following 
solar flares may produce about 3 times the 


1 BEGEMANN (1959) has calculated Q from his Green- 
land snow data, assuming all tritium formed over Green- 
land in the troposphere precipitates there and none is 
carried in by vapor. It is impossible to estimate the relia- 
bility of this value since no vapor transport data are avail- 
able and his samples are from only the northwest fringe 
of the continent. He has assumed ty 10 years, and we 
only wish to point out that the use of the residence time 
we assume would make his value of Q become 0.5. 


global amount produced by cosmic rays. 
WILSON and FERGUSSON (1960) estimated the 
tritium production rate in the atmosphere 
from the observed T contents of stone meteori- 
tes, and also calculated the atmospheric 
production rate using the theoretical produc- 
tion rate of helium in iron meteorites (MARTIN, 
1953) and nuclear evaporation theory. These 
calculations gave values of .63*% and 1.3 
+o.s tritons/cm? sec. Their calculations 
require knowledge of several factors necessary 
to transform the production rate in a meteorite 
to that in the atmosphere; the choice of the 
parameters is quite arbitrary and with a 
reasonable set of numbers, one can easily 
obtain values smaller by a factor of five. A 
calculation of this type therefore turns out 
to be very inaccurate and not very meaningful. 

Fireman and Rowland, and Currie er al. 
used the available cross sections for the forma- 
tion of tritium in nitrogen and oxygen in 
bombardments by protons of 450 MeV and 2 
Bev, and in nitrogen by fission neutrons 
above 4.4 Mev. Recently, tritium cross sections 
have become available for medium energy 
protons (HONDA and Lat, 1960) as well as 
for very high energy protons (CURRIE, 1959). 
These values combined with cosmic ray data, 
particularly the recently ‘studied neutron 
energy spectrum in the atmosphere, suffice 
to make fairly reliable estimates of tritium 
production in the atmosphere. 

Tritium production takes place principally 
in the nuclear disintegrations of atmospheric 
nitrogen and oxygen. The nuclear interactions 
can be produced by the nucleonic component 
(neutrons and protons) and by the weakly 
interacting component consisting of fast and 
slow mesons, and photons. The abundance of 
u mesons and photons is known fairly well 
for atmospheric depths greater than 100 gm 
cm=?, No cross sections for tritium production 
in their interactions have been measured as 
yet, but we can estimate reasonable values for 
the total rates of all interactions caused by 
these particles in the atmosphere. With con- 
servative estimates of the yield of tritium in 
stars produced by y: mesons and photons, it is 
found that tritium production by these particles 
is smaller by two orders of magnitude than the 
amount produced by the nucleonic component; 
thus the inherent large uncertainties in these 
calculations are not serious and we need 
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only consider the production by neutrons 
and protons. 


Tritium production by the nuclear compo- 
nent 


The rate of occurrence of nuclear disintegra- 
tions (stars) in the atmosphere has been calcu- 
lated as a function of altitude and latitude by 
Lat et al. (1958) using only the experimentally 
determined cosmic ray data. The relative 
variations within the atmosphere are based on 
the extensive data on slow neutrons and stars. 
Absolute star production rates were obtained 
by normalization at the point 680 gm cm ?, 
À = 50°, where star production rates in a 
nitrogen and argon filled cloud chamber have 
been determined (Brown, 1954). Measurements 
of the Be? production rate in oxygen at 
Echo Lake (1= 50°, 685 gm cm?) and the 
excitation function of Be’ in nitrogen and 
oxygen (HONDA and Lat, 1960) have now 
shown that the normalization value for stars 
as used by Lat ef al. (1958) is correct within 
+ 20%. We will use their calculated star 
production rate together with the tritium 
yield per star for different positions in the 
atmosphere. The star production rate refers 
primarily to nuclear disintegrations produced 
by nucleons of energy above 40 Mev. Appre- 
ciable tritium production also occurs by 
lower energy nucleons because the thresholds 
in nitrogen and oxygen are 4.4 Mev and 15 
Mev respectively (CURRIE et al., 1957). The 
tritium yield per star is calculated below 
using (a) the excitation function of tritium in 
air, and (b) the nucleon energy spectrum in 
the atmosphere. 

The average cross sections, per atom, for 
tritium production in the bombardment of a 
mixture of nitrogen and oxygen having the 
composition of air are plotted in Figure 7. 
The errors in the cross sections are ~ 20 %. 
The cross section data are fairly well spaced 
above 225 MeV and permit a reasonable inter- 
polation. Below 225 Mev the only available 
measurement is in nitrogen for fission neutrons 
above 4.4 Mev. The mean neutron energy is 
estimated to be 5.7 Mev (Currie et al., 1957). 
At this energy the average cross section for air 
nuclei is obtained by multiplying the nitrogen 
cross section by 0.78 because tritium produc- 
tion does not occur in oxygen below 15 MeV. 
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Fig. 7. Excitation function of tritium in air. Note: the 
value of Fireman and Rowland should be increased by 
about 20% (to atomic values of 33 + 4 mb for N and 
39 + 4 mb for O) because of recent revisions in the cross 
section for their monitor reaction Al?” (p, 3pn) Na’ 
(Rowland, personal communication). 


The dotted line in Figure 7 shows the inter- 
polation made between 5.7 MeV and 225 MeV. 

The differential energy spectrum of neutrons 
and protons has been measured at atmospheric 
depths greater than 200 gm cm?. Various 
measurements show that nucleons of energy 
below soo MeV are in equilibrium for depths 
greater than 200 gm cm ?; the shape of the 
energy spectrum below 500 MeV remains 
unaltered throughout the equilibrium region 
at all latitudes and altitudes. The relative 
variations in intensity can be obtained from 
the data on slow neutrons (SOBERMAN, 1956; 
Hess et al, 1959). The nucleon flux for 
À= 50°, 680 gm cm ?, is plotted in Figure 8. 
The ordinate shows the integrated flux, J, 
of nucleons passing through a unit sphere 
(particles/cm? MeV sec), i.e. 


7/2 
J=2nf Jusin 0 da 
0 


where Jy represents the intensity (cm? sec-1 
sterad-! MeV-1) at azimuth angle #. The 
number of interactions per gram is then 
given by JNo, where N is the number of 
atoms/gm and o is the cross section for the 
interaction. 

The results of the vertical proton flux 
determinations agree within the experimental 
errors (Myrror and WILSON, 1951; FILTHUTH, 
1955; Puppr, 1956). The angular dependence 
of the flux is given by Convers and ROTHWELL 
(1954). In the case of neutrons, the agreement 
between the various data is not as good. 
Curve I in Figure 8 shows the energy spectrum 
of neutrons from ı MeV to 2 BeV as obtained 
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Fig. 8. Differential energy spectrum of nucleons in the 

atmosphere at À = 50°, 680 gm cm ?. 
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by Hess et al. (1959). These workers employed 
several calibrated detectors of varying sensi- 
tivity to neutron energies from thermal to 
few hundred MeV. The shape of the spectrum 
was determined by trial and error functions 
which matched the total counting rates of 
the detectors, and production rate of stars in 
nuclear emulsions. Curve II shows the neutron 
energy spectrum as measured by MIYARE et al. 
(1957) using proton recoils in a high pressure 
hydrogen cloud chamber. 

The circled points were obtained (Lat, 1958) 
using the proton energy spectrum and the 
relative frequency of neutron and proton 
induced stars of different sizes in nuclear 
emulsions (BROWN et al., 1949; BARFORD and 


Davis, 1992)" The average energy Brot 


nucleons producing a star of N prongs was 
calculated using the empirical relation E= 
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37N+ 4N? (Brown et. al., 1949). This re- 
lation holds for stars where the energy of 
no emitted particle exceeds 350 MeV. The 
solid curve III drawn through these points 
has been extended to 40 MeV using the data 
on the production spectrum of protons in 
stars (CAMERINI et al., 1949; LAL, 1958). Curve 
III approaches the proton energy spectrum at 
E > 1 BeV, as anticipated, because the produc- 
tion spectra of neutrons and protons are 
expected to be identical for energies well 
above the coulomb barrier. Above 1 BeV 
absorption or loss of energy occurs only by 
nuclear interactions, while at the lower end 
of the spectrum neutrons are more abundant 
than protons as the latter are depleted by 
ionization losses. Curve I departs considerably 
from the expected behavior above 500 MeV. 

The yield of tritium per star depends on 
the shape of the energy spectrum, and we 
have therefore calculated the tritium yields 
separately for these spectra in order to estimate 
the errors introduced. The average cross 
section for the formation of tritium in stars 
above 40 MeV was calculated by the relation: 


where J (E) represents the differential energy 
spectrum of nucleons (particles/cm? sec MeV) 
as given in Figure 8. The total nucleon flux 
Jn+p( > 40), above 40 MeV and or are tabulated 
separately for the neutron spectrum I and III 
in Table 5. In the same table, we also give the 
tritium yield in stars, Yr, obtained by dividing 
or by os, the average cross section for star 
production. The value of os in air is estimated! 
to be 225 + 20 mb, by subtracting the cross 
sections for the nuclear reactions involving 
emission of neutrons only (which lead to 
zero pronged stars) from the total inelastic 
cross section in nitrogen and oxygen. 

The ratio of the amounts of tritium produced 


1 Support for this value is obtained from the measure- 
ments of cross sections in C, N and O nuclei of emul- 
sions by protons of energy 40 MeV—900 MeV (Lock 
and March, 1955, and references therein). The average 
cross sections for 45—100, 240, 600, and 950 MeV pro- 
tons were found to be 170 + 20, 230 - 30, 222 + 60 
and 202 + so mb respectively. 
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Table 5. Tritium production parameters (see text). 
> 40 ps 
Neutron energy spectrum eae nat or (mb) Yr (> 40) R Yr(I+R) 
CREVER arr OCI 27 Oe CET ON 20.3 9.5 % 0.52 14.4 % 
Cite HERE PSE TOR 16.3 Tan 0.66 1222 
AMOTAS Rene ORG Ny à eu PAT TO Re | 18.8 + 2.5 | 8.4 + 1.2 | 0.59 + .07 lee stele 20 


* Though the shape of the energy spectra I and III differ significantly, the total fluxes above 40 MeV 
agree very well. The star production rate at 680 gm cm ?, À = 50°, is found to be 2.5 X 1074 stars/gm air 
sec, which should be compared with the value of 2.3 10°? used in the calculations by Lal et al. (1958). 


below and above 40 MeV, R, is given in the 
fifth column of Table 5. The spectrum used 
below 40 MeV for Curve III was obtained by 
extrapolating through the curves I and II. 
The total tritium production due to nucleons 
of E>5 Mev, Yr(tI+R), is found to be 
13.2 % + 1.2 % in stars (Table 5). 

As mentioned earlier, these calculations 
apply for all latitudes and altitudes in the 
equilibrium region of the atmosphere. No 
measurements of nucleon energy spectrum are 
available for depths <200 gm cm?. The 
energy spectrum is expected to be flatter near 
the top, and the tritium yield per star will 
consequently be higher. For this region we 
have calculated the total tritium yield per star 
under the following assumptions: 

(a) The ratio of the neutron flux, 5 <E < 
40 MeV to total remains constant throughout 
the atmosphere. The tritium cross section in 
this energy interval remains essentially constant 
and no error is introduced by using the same 
energy spectrum as in the equilibrium region. 

(b) The shape of the energy spectrum in the 
non-equilibrium region can be obtained by 
comparing the star size distributions. Star size 
distributions at several latitudes and altitudes 
are available (BIRNBAUM et al., 1952; Lat et al., 
1958). 

We find that the total tritium produced per 
star at depths <200 gm cm? is larger than 
the value for the equilibrium region of the 
atmosphere by 15 % and 7% in low and 
medium latitudes respectively. Considering 
the absolute rates of star production in different 
regions of the atmosphere, the average tritium 

roduced per star in the entire atmosphere is 
effectively 8% higher than the calculated 
value for the equilibrium region. 

The global star production rate in the atmos- 
phere has been estimated to be 1.7 stars/cm? 
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sec (Lat et al., 1958). The corresponding rate 
of tritium production is therefore 1.7 x 0.13 x 
1.08 = 0.24. The uncertainty in this value? is 
probably less than + 30 %, Le. + 0.07. 

The approximate distribution between trop- 
ospheric and total atmospheric triton produc- 
tion as a function of geomagnetic latitude is 
shown in Figure 9, in which the T production 
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Fig. 9. Calculated tritium production rate in a cm? col- 

umn to the top of the atmosphere (‘“total” curve) and 

up to the tropopause (“troposphere”’ curve), vs. geomag- 
netic latitude. 


rates have been plotted by assuming constant 
proportionality to the star production rates. 
Integration of these curves shows that about 
2/, of the total global tritium production 


1 It has so far been assumed that the star production 
rate obtained by Lat et al. (1958) refers to stars produced 
by nucleons above 40 MeV. The production rate of stars 
below 40 MeV is small since the star production cross 
section is expected to fall rapidly below 30—40 MeV. In 
order to estimate the uncertainty due to the cut off ener- 
gy used in the calculation, we have made the unlikely 
extreme assumption that the star production cross section 
in air is 225 mb up to 25 MeV. This would lower the 
tritium per star value by 18 %. 
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Table 6. Comparison of fo) values calculated from cosmic ray and nuclear data. 
pe eee oe TS ————————————— 
Global production rate of T (atoms/cm? sec) 


Energy Region 


V : Fireman & | : 
ey) Present Work Currie et al. (1956) | Rowland (1955) | Benioff (1957) 
EN) 0.04 | 0.05 | OL 0.05** 
10—40 0.05 0.01 
(for 10—100 MeV) LOT 0.26 
> 40 0.15 0.082 
Total Q 0.24 + 0.07 | OnE ones | 0.2 | Os le re 


* Fireman and Rowland estimated a value of o.ı for slow neutrons without specifying the energy 
range considered. Part of this production belongs to neutrons of ~ 10 MeV. 
** Benioff used the value of Currie et al. (1956) for < 10 MeV. 


takes place in the stratosphere and 1/, in the 
troposphere. These data were used earlier to 


calculate Q from the gradient flux into the 
North American troposphere. 


The value of Q obtained here is compared 
with previous calculations in Table 6. Within 
the calculation errors, the various estimates are 
seen to be in good agrement. The mean 
value of Currie et al. is the lowest and this 
can be ascribed to their underestimating the 
contribution to production by 10—100 MeV 
nucleons. Our calculations yield a value of 
o.1 for this region compared to the value of 
0.01 estimated by Currie et al. Taking this 
into account, their value becomes 0.23, in 
good agreement with ours. 


Time variations in Q, and the mean Q value 
over the solar cycle 


The incident cosmic ray intensity varies 
with time due to solar modulations in space. 
The variation has been shown to be inversely 
correlated with the ri-year sunspot cycle. 
The changes brought about in the energy 
spectrum of primary cosmic rays, as well as 
those in the neutron counting rates at different 
depths in the atmosphere, have been studied 
fairly extensively between 1954 (sunspot mini- 
mum) and 1958 (sunspot maximum). The 
changes during 1956 and 1958 with respect to 
1954, when cosmic ray intensity was maximum, 
are shown in Figure 10. For a detailed discussion 
see LAL and Peters (1960). 

The calculations of Lat et al. (1958) of the 
star production rate were based on the cosmic 
ray data obtained during 1948—1949, a 
period close to the maximum in a sunpot 


cycle. It can be seen from Figure 10 that during 
1958 solar activity was unusually high and 
the cosmic ray intensity was therefore abnor- 
mally low. The mean yearly sunspot numbers 
in 1958 are in fact higher than observed in 
any year during the last 200 years for which 
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Fig. 10. (a) Primary cosmic ray intensity during 1956 and 

1958, relative to 1954 values, vs. geomagnetic latitude. 

(b) Cosmic ray intensity during 1958 relative to 1954 

values, plotted vs. atmospheric pressure for several lati- 

tudes. (c) Relative annual sunspot numbers from 1900— 
1959. 


measurements are available. The sunspot activity 
during 1948—49 and 1956 is nearly the same, 
and we have therefore assumed that the pri- 
mary cosmic ray spectrum during these years 
was nearly the same. The changes with time in 
total tritium production rate in a 1 cm? 
atmospheric column, AI, can be calculated 
from the corresponding change AP in the 
primary cosmic ray flux: 


(x) 
PAM 
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The derivatives of the total tritium produc- 
tion rate and the primary cosmic ray intensi 
with respect to latitude, 21/91 and dP/dA 
are known (Lat et al., 1958; McDonatp, 
1959). We find that the mean global produc- 
tion rates during 1958 and 1954 were respec- 
tively 22% lower and 9% higher than 
during 1948—49 (or 1956). 

From the available solar data, we find that 
the maximum and minimum sunspot activities 
during a typical cycle are close to that observed 
during 1956 and 1954 respectively. Since we 
estimate that the global tritium production 
rate during 1954 was higher than in 1956 by 
9%, the average deviation amounts to 


4.5 %.. The calculated value of 0.24 for Q 
refers to 1948—1949 (or 1956) and the average 


value during a typical solar cycle becomes, Q 
= 0.24 X 1.05 = 0.25 +0.08 T atoms/cm? sec. 


LL 
TT 


Tritium production by solar protons 


Recently it has been found that the occur- 
rence of solar flares which give rise to a 
substantial flux of low energy protons is 
quite frequent. The number of such flares has 
been estimated to be about 20 for the period 
May 1957—July 1959, based on the measure- 
ments of cosmic radio noise absorption in the 
polar regions. The proton flux in some events 
is believed to have reached levels of 10% times 
the normal cosmic ray level for a few hours. 
The average numbers of protons incident at 
the poles (cm”?, yr-1) have been estimated to 
be 101° and 108 respectively for protons above 
30 and 100 MeV respectively (K. A. ANDERSON, 
private communication). The zone of incidence 
of protons depends on their energy. For 
conservative estimates of tritium production 
by solar protons we have taken the flux of 
protons above 30 MeV and assumed that they 
arrive down to 60° geomagnetic latitude 
where the cut-off under normal conditions is 
400 MeV. (Freter et al., 1959, have reported 
that over short periods, particles of lower 
rigidities than the cut-off values were incident 
at Minnesota following a solar flare.) The 
average T cross section was taken to be 10 
mb and the average range of protons was 
estimated to be 1.5 gm cm°?, taking for the 
differential energy spectrum of protons a 
slope of 4.5 (ANDERSON et al., 1959). 

The calculated solar flare production rate 
of tritium in the polar region is found to be 
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0.20 atoms/cm? sec. This corresponds to an 
increase of 45 % in the tritium production 
rate in the polar region (see Figure 9). The 
corresponding change in the global value is 
only about 10 % because of the small area 
involved. The uncertainty in this calculation 
is very large due to very limited knowledge 
of particles accelerated in solar flares. Further- 
more, the data are based on observations 
during unusually high solar activity. The 
solar proton flux should probably exhibit a 
positive correlation with the solar activity, in 
which case the present calculations would not 
be typical of normal conditions. A 10% 


increase in Q during say 4 years at the peak 
of a sunspot cycle would amount to only a 
3 % increase in the mean production rate 
averaged over the solar cycle. 

Two independent arguments lead to the 
conclusion that solar flares do not produce 
appreciable changes in the average production 
rate of tritium: 

(a) BEGEMANN (1959) has measured T 
contents of dated Greenland snows covering 
approximately one solar cycle period. Within 
the errors of measurements (+ 15 %) the 
tritium fall-out is found to be constant. A 
slight indication of negative correlation with 
the solar activity may be present.! The data 
at least rule out any large contributions by 
solar flares, in which case a positive correlation 
should be seen. 

(b) The hypothesis of substantial tritium 
production by solar protons can be checked by 
studies of the C!* production rate, which 
must be affected more greatly. The polar flux 
of solar protons above 10 MeV has been 
estimated to be 10!2/cm? yr (K. A. ANDERSON, 
private communication). The production rate 
of C14 due to secondary neutrons produced 


1 BEGEMANN calculated a yearly production rate from 
the specific activities obtained from the thickness of each 
annual snow layer. However, PETTERSSEN, JACOBS, and 
Haynes (1956) have pointed out that in general the snow 
cover in Greenland at any place and time bears no fixed 
relation to the actual amount of precipitation because of 
extensive drifting. Their tables 17 and 18 show large de- 
viations at Thule, both positive and negative, between 
monthly snowfall and mean monthly snow cover. A 
somewhat different plot of Begemann’s data is obtained 
if one assumes constant annual precipitation; four layers 
before the sunspot peak are rather uniformly higher than 
four layers after the peak. The true situation can only be 
determined by a large number of such analyses from 
different sites. 
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by protons can be estimated from the behavior 
ot (p,n) cross sections in light nuclei. We 
tind that the global production rate ot C4 due 
to solar protons is about the same as that 
calculated from cosmic ray neutrons. This 
seems extremely unlikely since the C14 
inventory checks closely with the estimated 
cosmic ray production rate (CRAIG and Lat, 
in. press). 

Our present conclusion is that the mean 
global production rate of tritium over an 
average cycle is not significantly increased by 
solar flare activity relative to the limits of 
uncertainty assigned to the value calculated 
from cosmic ray data. 


Summary and conclusions 


1. Deuterium and tritium analyses of 
precipitation from Chicago, Greenland, and 
Pacific islands, indicate a rather consistent 
general relationship between these isotopes in 
fresh precipitation, when no synthetic tritium 
from thermonuclear explosions is present. 
The general relationship reflects the balance 
between continuous injection of cosmic ray 
tritium, discontinuous preferential removal of 
the heavy isotopes in precipitation, and mixing. 

2. The global mean production rate of 
natural tritium, calculated from the tritium 
and water balance in the North American 
troposphere, is Q = 0.5 + 0.3 atoms T/cm? 
sec. The principal assumption is that the 
tritium content of the mean continental 
precipitation is given by the Chicago and New 
York means (excluding contaminated samples) 
of 6 + 2 T.U. Within these limits the assump- 
tion seems justified. 

3. The present value is three to four times 
lower than values obtained previously by 
similar calculations. This is due to the following 
factors: 

a) Pre-Castle tritium data have previously 
been assumed to represent uncontaminated 
natural conditions. Our present analysis, 
based on both deuterium and tritium analyses, 
indicates that fallout of artificial tritium was 
already important in 1953 when most of the 
pre-Castle data were obtained. The available 
uncontaminated tritium data reduce to three 
sets of precipitation, from Chicago, Greenland, 
and Pacific islands, two samples of Arkansas 
precipitation, and vintage wines from New 
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York, France and Spain, excluding data from 
lakes and reservoirs. Except for the Greenland 
snow, the precipitation samples are confined 
to the seven month “clean period” from 1 
January to 1 August, 1953. 

b) The residence time of stratospheric air 
has previously been taken as about 10 years 
based on early estimates from Sr? fallout. 
Recent studies by Martell, Libby, and Machta, 
indicate significantly lower times which thus 
decrease the calculated decay of tritium in the 
atmosphere. The stratospheric residence time 
is a function of latitude; in this paper we 
consider the latitudinal variation in both 
residence time and stratospheric production 
rate of tritium, and conclude that the mean 
stratospheric tritium residence time is about 
1.6 years. 

c) The recent discovery of preferential 
concentration of stratospheric fallout at med- 
ium and high latitudes shows that the North 
American average influx rate must be signif- 
icantly higher than the global average. 

4. A detailed calculation of the cosmic ray 
production rate based on cosmic ray and 
nuclear cross section data gives a predicted 
mean global production rate of 0.25 + 0.08 
atoms T/cm? sec. The variation in the produc- 
tion rate over a mean solar cycle, due to the 
effect of the solar activity maxima on the 
cosmic ray flux, is found to be + about 
5 %- 

5. The production rate calculated from the 
observed tritium concentrations agrees with 
that predicted from cosmic ray data within 
the limits of uncertainty in the calculations 
and the data. We thus conclude that there 
is no observational evidence for accretion of 
tritium from extraterrestrial sources. 
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Abstract 


An examination of the occurrence over Sweden of radioactive debris from the first French 
nuclear test in February 1960 has been undertaken. The distribution of radioactive deposit was 
uneven. The time of arrival of debris can be determined accurately, and a comparison is made 
with meteorological parameters. Special autoradiographical and gammaspectrometrical exam- 
inations have been carried out, which suggest fractionation effects to be present in the scaven- 


ging processes. 


Introduction 


Since the summer of 1959 the amount of 
fission products in the atmosphere originating 
from nuclear test explosions have decreased 
to a very low level. This facilitates the identi- 
fication of small amounts of newly introduced 
radioactivity. The first French nuclear test 
explosion in Sahara, which took place in the 
morning of February 13th 1960 and which 
according to press information was a “tower 
shot” with a yield of about 70 kilotons, thus 
gave an opportunity to study the effect of 
one single insertion of fission product radio- 
activity into the atmosphere. The data concern- 
ing the arrival of the French debris to Sweden 
have been summarized and may be of interest 
in the study of the mechanism of fallout. The 
observed fallout is very much less than during 
the spring of 1959, when debris from Russian 


high yield explosions were deposited. 


Meteorological situation 


During the last days of February 1960 the sur- 
face synoptic situation showed a well-developed 


and almost stationary cold anticyclonic circula- 
tion over Scandinavia (Figure 1). The centre of 
this anticyclone was somewhere to the north 
of Norway. A deep depression dominated the 
circulation west of the British Isles bringing 
warmer and moister air towards the western 
and northwestern regions of Europe. The 
upper air map displayed a ridge in an almost 
north-south direction across Western Europe 
(Figure 2). In conjunction with the surface 
depression a closed cyclonic circulation was 
situated west of the British Isles. 

At the end of the month the surface anti- 
cyclone and upper ridge began to move 
slowly eastwards. Evidence of warm air 
advection over Southwestern Scandinavia was 
clearly indicated by substantial temperature in- 
creases in the troposphere as shown by the 
radiosonde ascends of Copenhagen and Gothen- 
burg on March 1st oo GMT. 

A precipitation area which was associated 
with the warm frontal system between the 
airmasses came in over the southwestern part 
of Sweden at about March ıst 06 GMT. It 
passed over a greater part of the country, the 


Tellus XIII (1961), 1 


ADVECTION OF RADIOACTIVE DUST 


29.2. 1960  00Z 


Fig. 1. Surface level weather maps. Dashed line indicates 
movement of front during next 12 hours. 


precipitation falling initially in the form of 
freezing rain. Successive positions of the for- 
ward-edge of the precipitation area are shown 
in Figure 3. 


Arrival and deposition of debris 


The first trace of fresh radioactivity in the 
atmosphere was noticed in a precipitation 
sample from Gothenburg. This sample was 
collected with a large funnel (diameter 2 m), 
which was exposed for both dry deposition 
and precipitation for 24 hours. Only a few 
drops of the freezing rain had passed the ion- 
exchanger collecting unit when it was shifted 
on March 1st 06 GMT, and no other precipita- 
tion was reported during the collection period. 
Preliminary investigation showed fission prod- 
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uct contents corresponding to a deposition 
about ten times as large as the maximum 
values obtained after periods with heavy pre- 
cipitation during the last six months. The 
sampling period for the next filter was six 
days, and during the first half of this period 
18 mm of rain was recorded. This sample was 
the most radioactive of all samples collected in 
Sweden since May 1959. After March 4th 
an almost dry period occurred over this part 
of Sweden, and no more radioactivity of 
recent origin was detected in the precipitation 
samples. 

In ground level air samples from Gothenburg 
a comparatively smaller but identificable in- 
crease in fission product contents was reported 
for the period March 1st oo—12 GMT and 
was confirmed by an autoradiographical ex- 
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29.2. 1960 
00Z 


Fig. 2. 700 mb contours. Dashed line indicates movement 
of low pressure center during next 12 hours. 
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Fig. 3. Four successive positions (on March rst) of the 

forward edge of the precipitation area. In the figure is 

also indicated the sampling stations and the preliminary 

total deposition values in mc km”?. G = Gothenburg, 

E = Edsvalla, H = Hôgaryd, F = Östersund, K = 

Kiruna, R = Kjeller-Norway, C = Copenhagen-Den- 
mark. 


amination of the glass-fibre filters. No detect- 
able amounts of fresh debris were observed 
before this period or during the four days 
following. 

The positions of the Swedish and some 
Norwegian and Danish fallout’ collecting sta- 
tions are indicated in Figure 3 together with 
total deposition values (me km?) from the 
actual period corrected for decay to April ist. 
The results from the Swedish measurements 
can be summarized as follows: 

1. Radioactivity of an apparent age of 
about 20 days was deposited in Sweden 
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during the passages of successives precipitation 
areas beginning March Ist. 

2. In spite of the fact that there were no 
great differences in the measured (standard rain 
gauges) precipitation amounts in various parts 
of the country, the total deposition varied at 
least with a factor of 20. Practically no deposi- 
tion of fresh debris was detected in samples 
from Kiruna ih northern Sweden, whilst the 
highest values were observed in samples from 
Edsvalla and Gothenburg (cf. Figure 3). 

3. Samples obtained from Gothenburg on 
March 1st showed a high concentration of 
radioactivity in the first few raindrops; at 
Edsvalla the larger part (75 %) of the total 
deposition was recorded during the first three 
hours of precipitation. 

4. The increase of fission product radioac- 
tivity in ground level air was with the excep- 
tion of Kiruna comparatively smaller than in 
precipitation. The first increase occurred in 
close connexion with the arrival over Sweden 
of the precipitation area on March ist and was 
of short duration. It was followed by a low 
level period of activity until March roth when 
a new increase occurred. 


Analysis of individual samples 


With the intention of studying the compo- 
sition of the radioactivity a series of gamma- 
spectrometrical examinations was carried out 
with a 10 cm x 10 cm Na(Tl) I-crystal con- 
nected to a 70-channel kicksorter. The spectra 
of the most active precipitation samples showed 
a remarkable difference, indicating the occur- 
rence of relatively strong fractionation effects 
in the scavenging processes. A further analysis 
therefore was undertaken with the aid of 
standard calibration spectra from reactor- 
produced isotopes of Te 132, Ce 141, I 131, 
Ru 103, Zr 95, and Ba-La 140. The contribu- 
tion from each of these at the peaks of .15, .36, 
.50, .75, and 1.6 MeV was calculated, and 
fractionation factors were computed according 
to Epvarson ct al. (1959). The factors are 
defined in the following way: 


[ Gest ] 
f =. (Zr = Nb)os experimental 
Ge Tire 


[ Ce 141 ] 
(Zr + Nb)gs theoretical 
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Fig. 4. Copies of autoradiographs from ground level air filter samples. Left: February 29th 1960 (30 days exposure). 
Middle: March rst 1960 (10 days exposure). Right: November 16th 1958 (7 days exposure). 


The result of the analysis (carried out by 
K Löw at this institute) is presented in Table 
1. Yield values for fast fission of Uranium 


Table 1 
Sample 
Gothenburg | Stockholm 
| Eds va la 
412 | 413 | 405 | 406 
foe ges ee I-4 1.6 1.6 1.4 
fr ar 4-3 1.8 4-3 1.4 
RE roe | 03 1.3 ZRZ 0.8 1.4 
Ie, 140 22 I.4 1.8 1.3 12 
Sampling | 29/2—| 1/3— | 1/3 | 413 
; 1/2—ı 
period ...| 1/3 713 413 8/2 | 13 


Fractionation factors from analysis of y-spectra 
of precipitation samples normalized to 40 days 
after fission. 


238 have been used. No significant difference 
would have occurred if instead values for 
fast fission of Plutonium 239 were applied. 

The two samples from Gothenburg previ- 
ously mentioned (called 412 and 413 respec- 
tively) especially seem to give interesting re- 
sults. Sample 412 contained the activity from 
the very first few drops of the freezing rain 
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of March 1st, while sample 413 would give 
a mean picture of the activity distribution 
after a considerably larger precipitation amount, 
either the activity came with the first milli- 
metres or during the whole period. The excess 
of Ru 103 and I 131 seems to be significant in 
the first sample. Repeated gammaspectro- 
metrical measurements have shown good 
agreements with the respective theoretical 
decay rates. 

All precipitation samples were collected 
with the ion-exchanger method first proposed 
by Epvarson (1957). The samples 412 and 413 
therefore could be divided into three parts; one 
containing the plastic filter and the others 
containing the two ion-exchangers respective- 
ly. Each part was measured in the gamma- 
spectrometer. It was found that a comparative- 
ly greater part of the total activity of sample 
413 was concentrated on the plastic filter. This 
was especially the case for Ru 103, where 
only a minor part was found on the plastic 
filter of sample 412. 

In order to make an autoradiographical exam- 
ination of the particulate activity distribution 
possible, a careful ashing of the collecting parts 
had to be undertaken. The ash was spread out 
on a thin gummed paper and pressed together 
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with X-ray films on both sides. After expo- 
sure the spots of the films were measured and 
counted, and there appeared to bea clear tend- 
ency towards a relatively greater number of 
large spots on the filter parts of sample 412 
when compared with sample 413. 

When these findings are related to the total 
activity of the samples the conclusion seems to 
be that in the beginning of the precipitation 
there is an enrichment of particles smaller and 
larger than medium size. 

From a study of the series of autoradiographs 
of air samples from Gothenburg it is evident 
that the sample from the period March ist 
00—12 GMT gave a sharp peak in the amount 
of active particulate matter in the lowest layer 
of the atmosphere. In Figure 4 copies of 
autoradiographs from February 29th and 
March ist are reproduced together with 
one from November 16th, 1958, where 
the radioactivity originated from the Russian 
high yield test explosions at Novaja Zemlya 
during October 1958. From investigations by 
SISEFSKY (1960) the magnitude of the particle 
responsible for the largest spot of the older 
sample can be estimated to about 4u (dia- 
meter). 

Some high altitude air samples also have been 
taken during the period of arrival of the French 
debris, namely on February 24th, March 6th, 
and March roth. On these occasions air has 
been collected above and below the tropopause, 
and all samples showed very weak radioacti- 
vity. The only conclusion to be drawn is that 
the contribution of fresh activity in these filters 
must have been very small. 


Discussion 


The available explosion data suggest that 
the top of the radioactive cloud from the 
first French explosion reached a height of 
about 13 km (200 mb). In an attempt to 
follow the wind transportation of the cloud 
one therefore has to have good information 
about winds in the upper troposphere (300 
mb) during the first few days after the occur- 
rence of the explosion. Then soo mb-winds 
ought to give the best indication of the trajec- 
tory of the cloud. But even with access to 
all existing measurements of winds and tem- 
peratures in all levels in the Northern Hemi- 
sphere and a knowledge of time of arrival at 
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the surface, it is hardly possible to recon- 
struct a trajectory for e.g. that part of the 
debris which was sampled in Sweden on 
March 1st. The uncertainties soon will be- 
come too great. In order to give a rough ten- 
tative idea of the magnitude of the air motions 
Figure 5 has been constructed on the basis of 


Figure 5. A tentative estimation of the magnitude of the 

24 hour soo mb air motions during February 13th to 

March ıst 1960. The resulting trajectory is of course 

subject to considerable uncertainty and applies only to 

that part of the debris which was sampled in Scandinavia. 
(Dotted line: alternative trajectory.) 


information from the soo mb contour maps 
and knowledge of the time of arrival of debris 
to Sweden. 

Comparison with measurements from Nor- 
way and Denmark are of great interest. 
According to HVINDEN (1960) a peak in the 
radioactivity of the precipitation was measured 
during the period February 29th to March ist 
at the Norwegian station Kjeller. This can be 
compared with the fact that Edsvalla and 
Gothenburg are the maximum-deposition 
stations in Sweden. These two stations are 
situated in the same part of Scandinavia as 
Kjeller. From Denmark results of precipitation 
measurements are available from two stations. 
The total deposition is smaller than at Kjeller, 
but the same time variation holds with a 
bigger part of the radioactivity in the samples 
of March ıst and a tendency to a drop in 
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specific and absolute activity during March 
and. 

The differences in the deposition pattern 
can be explained in many ways: 

1. Uneven distribution of precipitation over 
the country. 

2. Variations of the effectiveness of the 
samplers because of different sensitivity to 
wind direction and strength or different 
aggregate forms of the precipitation elements. 


3. Differences in the scavenging effectiveness 


of different aggregate forms of the precipita- 


tion elements. 


4. Uneven distribution of the radioactivity 
in the atmosphere. 

A closer study of the pre- cipitation situation 
during the first days of March reveals a com- 
plex pattern with typical orographical influen- 
ces partly capable of explaining the highest 
measured deposition valeus. Radiosonde measu- 
rements from Copenhagen and Gothenburg 
on March ıst show isothermal conditions of 
slightly above 0° C from the ground to about 
750 mb. The temperatures were considerably 
lower in these layers at Stockholm and Oster- 
sund. In concordance herewith the precipita- 
tion fell as rain or freezing rain at stations 
Gothenburg and Hôgaryd and as snow at the 
others. Daily measurements also have been 
made of the amount of water passing the 
ion-exchanger column compared to precipi- 
tation amounts collected in the standard rain 
gauges at the same place, and differences 
according to wind and precipitation variations 
have been found. 

It is clear that all factors mentioned above 
will contribute to make the measured deposi- 
tion values uncertain. It seems however very 
probable that the atmospheric contents of 
fission products must have varied considerably 
from place to place during the deposition 
period, and that this was the primary cause 
to the reported differences. 

During the period in question the amount of 
fission product radioactivity in ground level 
air in Sweden was lower than expected. This 
may be due to the fact that the winds in the 
friction layer of the atmosphere during the 
first days of March came from a direction 
between south and east, while winds above 
800 mb (where the precipitation originated) 
had an predominantly west component. After 
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the first short increase of the radioactivity at 
ground level several days passed before the 
next high-activity sample appeared. 


In Norway there are two stations which show 
more activity in ground level air on March ist 
than the others in Norway and Sweden. The 
stations are situated at the coast in middle 
Norway, and it is hardly possible to find a 
meteorological explanation for the activity 
differences. The low-level period which fol- 
lowed and the subsequent increase about ten 
days later are identified also in the Norwegian 
measurements. 


It is wellknown from a number of measure- 
ments that the first part of a rain or snowfall 
generally contains the highest radioactive con- 
centrations. The deposition measurements 
from Gothenburg and Edsvalla indicate that 
in this case the dependence on the first pre- 
cipitation millimetre is unusually strong. At 
first sight this would point to “washout” (con- 
trary to “rainout’’) as the dominating scav- 
enging process. A tendency towards an in- 
crease of the relative number of larger par- 
ticles in sample 412 seems to support this 
theory because according to GREENFIELD (1957) 
the washout process is most effective for larger 
particles. On the contrary the high concentra- 
tions of Ru 103 and I 131 in this sample and 
the examination of the ion-exchanger parts of 
the collecting units indicate that smaller par- 
ticles ought to be responsible for most part of 
the first recorded radioactivity. It is possible 
that such an effect may be explained by a 
closer examination of the precipitation-forma- 
tion process and the entrainment of air into the 
cloud system, e.g. that the first part of a pre- 
cipitating warmfront cloud system appears at a 
comparatively high level, where turbulent or 
advective mixing of more radioactive air par- 
cels from still higher levels are probable. 

It is important to note that the decay anal- 
ysis has shown that large deviations from the 
f-1-2law can be expected where individual 
samples are concerned, although they are 
collected at the same station and immediately 
after one another. 

It is obvious that many interesting results 
can be obtained by comparing the meteoro- 
logical situation with results from radioactive 
fallout measurements. Debris from a single 
nuclear explosion can be good tracer material 


I12 


when the background is low enough to permit 
reliable detection. If ever another nuclear test 
will be conducted under good tracer condi- 
tions much more may be learned about the 
transport capabilities of the atmosphere. But 
then there will be a need for a short-time 
increase of the sampling arrangements in 
order to get an accurate picture of all processes 
involved. 
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Abstract 


Standard errors of harmonic analysis have been calculated by three different methods. These 
methods are discussed and numerical calculations have been carried out from the results of 
harmonic analyses made on data from the neutron monitors in Uppsala and Murchison Bay. 
Periods covering from single days up to the mean of three years have been used for the com- 
parison between the results. Although the standard error calculated according to the three 
methods include different types of variations, the results show good similarity. One of the 
methods also gives indications that only in some cases the addition of a second harmonic will 


be an improvement of the fit. 


Introduction 


Studies of cosmic radiation consist to a great 
extent of time series analysis. One important 
problem is the study of periodic intensity 
variations, such as diurnal, semidiurnal and 
27-day. Very often harmonic analysis is used 
to approach these problems. Naturally it is 
important to make correct estimates of the 
standard errors in such analyses in order to 
interpret particular results. 


Mathematical representation of intensity 
variations 


Let u be the true intensity of the cosmic 
radiation and X, the intensity value from a 
particular recorder, where k indicates the time. 
X, will then be distributed around the mean u 
and with the standard deviation o. The distri- 
bution will be theoretically equal to a 
Poisson distribution and we have 


o=Vu 


This is generally used in calculating standard 
errors. However, as our instruments will 
certainly have some sources of error, data 
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from the various detectors will not give an 
exact Poisson distribution. Calculations have 
shown that for the nucleonic component meas- 
ured with an international standard neutron 
monitor the distribution is approximately 
normal with the standard error 1.3 V# (Mc 
CRACKEN 1958, DYRING 1960). We may write: 


Xk=U +e (1) 


where e, is a random variable with known 
distribution and with expectation 


E(e) =o 


If we assume that the true variation during 
one 24-hour period consists only of first and 
second harmonics, we have for the true varia- 
tion 

Up = tg + Ry sin (© +a) + 
+ R, sin (20 +) = ua +f(O) (2) 


where 


2ak 


Ole Pes ont 2, cha. Mel 
n 
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and u, is the mean of the true intensity during 
24 hours. From a single recorder we would 
actually obtain: 


Xp = ua +f(O) + ee (3) 


If the assumption cf. eq. 2 is correct in all 
respects the random variable e, will have a 
distribution identical with that of e, in eq. I. 
This cannot be expected to be exactly true. 
We make the new approach: 


Xe = Ua +f(O) + & (4) 


&, is a residual, about which we do not make 
any other assumptions than that it does not 
behave too irregularly (see method B below). 

Very often we want to estimate the average 
daily variation for a long period. This is usu- 
ally done by making a harmonic analysis on 
averaged data. When taking a mean over N 
days according to eq. 4 we get 


SEX Eur yy DLO) ty De 


If f(@) is constant from day to day we get: 


(3*) 


x; = Ud +f(@) + Ep 


I 
2 _ 2 
where 0 


N 


If f(@) is not constant we may assume the same 
model as in eq. 4 but for averaged data: 


X, = Ua + f(O) + Ek (4*) 
Harmonic analysis procedure. We have data con- 
sisting of n equally-spaced observations Xp, 
X), X2...X,-1. By the common method of 
least squares we get estimates of uy and the 
harmonic coefficients a and b in a diurnal com- 
ponent when making Q a minimum in: 


AS (x- Ha acos 2 À 2 bsin am 
k=0 n n 
(5) 


The amplitude R and the phase angle « are 
then estimated by 


R=Va (6a) 
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a 


(6b) 


N a 
(OG arctang i 


where ~ indicates estimate. 
The approaches-(1) and (4) give different esti- 
mates of o, and op. 


Method A 


With the assumption. in (3) and (3+) we have 
Xp = Up + &% 


If the sampling distribution of X, is true 
Poissonian we have for the m:th harmonic 


(Kendall), 
Fan - Ob, = VE We 
n 


and if we take care of the correction constant 
a a 2 — 
Cage ir? \/2 Kr 
n 


Method B (Compare BARTELS 1935) 
X, = te + & (cf. eq. 4 and 4*) 


We assume no a priori information other than 


1. E(ex) =o and the variance 0? (independent 
of k) 

2. & is normally distributed. This assumption 
should not be taken to literally as long as the 
distribution of & is not too irregular. 


According to the theory of least squares we 
can estimate o? as 


w= 2 
à ir R 
= > (K- ty cos 22 - 
ir 3 n 
k=0 
: .. 2%k\? 
- bsin TE) (7) 


The function fi (©) is assumed to consist of a 


tst harmonic. We know that iy, a, b, are 
independent random variables, normally dis- 
tributed with resp. means uy, a, b, and that 


(n- 3) 
o 
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is x?-distributed with n- 3 degrees of free- 
dom. Eq. 7 can be shown to be equal to: 


a IE (Kr da)? - = ke} (8) 


n— 3 &k=0 


If our function f(@) consists of first and second 
harmonics we get in the same way: 


I hd 
o = —— > (X = tha)? = igh (9) 
n— 5 le=0 
and the estimates 
G=d=-G3 


As the methods A and B give the estimates of 
co, and o,, the next step is to get the estimates 
of op and 04. 

Let F be a function of a number of uncor- 
related random variables «, 6, y — - -— —. By 
approximating F(«, B...) by the linear part 
of its Taylor development the following for- 
mula for 0% is given: 


SER aE 7 OF +4 
b= (5) Oz + FT; op + ...(10) 


It can easily be proved that for the harmonic 
coefficient a and b 


cov (a, b) =o 


Eq. 10 gives the estimates of or and oz 
From eq. 6a and 6b we get the approxima- 
tions: 


ReVae+P+ 


and 
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A third method, which differs from the meth- 
ods A and B can be used. It is built on the problem 
of “cloud of points” (BARTELS 1932, DORMAN 
1957) and can be used only for long periods. 
The harmonic coefficients a and b are calculated 
for each day during the period. In the general 
case, i.e. when a and b are correlated over the 
period error limits for the pair (a, b) are ob- 
tained by a probable error ellipse. 

If we assume non-correlation between a and 
b the probable error ellipse will become a circle. 

In this case or and 6, can be calculated from 
eq. 10 with: 


A I = 
ee Gay, 


= — Xs -)? 


where N is the number of days. 


Discussion 


If we use method A, we get from eq. 3 the 
random variable e, the standard deviation of 
which will be estimated by Wu, (cf. eq. 1). 
or and o, will then depend only on the uncer- 
tainty of the individual observations, i.e. the 
distribution from which they are drawn will be 
wholly decisive. The magnitudes of or and oz 
will not be affected by the closeness of the fit. 
This means that if we have a number of ob- 
servational series, where all observations are of 
the same order of magnitude X, and drawn 
from a Poisson distribution, then or and ox 
will be constant for the different observational 
series. 

The residual &4 in eq. 4 may be interpreted as 


Ep = Cp + fe 
e, = random variable as above. 


r = specification error. 


Method B will give us or and o, which will 
be dependent both on all sources of variation 
and on the closeness of fit. There may be some 
difficulties in interpreting or and 0. as stand- 
ard errors, as they take into account all 
actual variations, for example the day-to- 
day variability in the true form of the daily 
variation, and there is a question whether 
this can be regarded as random. At least 
for long periods these variations may be 


II6 


assumed random and or and oz will be stand- 
ard errors. This is also supported by the 
numerical comparison between the methods 
below. 

Method C will give us or and oz. These 
estimates will be dependent on all the variations 
as in method B. The very tedious calculation 
will make this method unpractical. 


Method A offers: 


1. Standard errors of the fitted harmonic 
parameters R and «. 

2. The statistical fluctuations of the individ- 
ual observations alone are decisive. 

3. or and o, are independent of the closeness 


of fit. 


Method B offers: 


1. Standard errors of the fitted harmonic 
parameters R and «. 

2. or and 6, depend on all variations during 
the period of observations. 

3. or and 6, are dependent on the closeness 


of fit. 


Method C offers: 


1. Standard errors of the fitted harmonic 
parameters R and «. 

2. or and ©, depend on all variations during 
the period of observations. 
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3. or and o, will be independent of the 
closeness of fit. 


Comparison with numerical results 


To make a comparison between the methods, 
results from harmonic analysis of neutron 
monitor data from the two cosmic ray stations 
at Uppsala (60°N, 18° E) and Murchison Bay 
(80° N, 18° E) have been used. Different periods 
from. single days up to the mean of 3 years 
have been examined. 

Bihourly values have been used. The data 
are corrected for trend and atmospheric effects 
in the usual way. Each observation is expressed 
in per cent of the daily mean. Values are 
obtained for the amplitude of first and second 
harmonics in per cent of the daily mean and 
for the time of maximum in hours and minutes. 
The standard errors according to the three 
methods are shown in tables I and II. Some 
periods are chosen according to distinct phase 
shifts, which are shown by a vector sum diagram 
made over solar rotation periods (SANDSTROM, 
DYRING, LINDGREN 1960). The single days are 
randomly chosen during a cosmically calm 
period 20 Dec. 1958 to Jan. 1959. To get a 
rough information of method C when assum- 
ing a and b non-correlated, we have calcu- 


Table I. Numerical results from the two methods A and B for the neutron monitor in Uppsala. 


The standard error of the amplitude of r:st harmonic in 


per cent 
; . II III 
Type of period Time TE 
mes ı:st and 2:nd har- 
1:st harmonic fit- seas = 
Acc. to eq. IL ted. Standard error |MOni¢s fitted. Stand- 
acc. to eq. 8 ard error acc. to 
eq. 9 
22/12 1958 0.240 0.315 0.211 
26/12 1958 0.240 0.217 0.172 
Single days 29/12 1958 0.240 0.264 0.258 
30/12 1958 0.240 0.231 0.214 
3/1 1959 0.240 0.163 0.115 
7/17 1959 0.240 0.140 0.093 
mens 
| . 31/8 56—7/3 57 O.017 0.027 0.026 
Period s with typi- 8/3 57—20/7 57 0.021 0.021 0.02 
cal phase shifts 21/7 57—3/3 58 0.016 0.021 0.020 
1/5 58—30/4 59 0.013 0.017 0.015 
35 days 0.041 0.063 0.072 
Periods of different | °/3.57—20/7 57. Roe ce ow 
ir 2 s (1958 ‚013 0.010 O.OII 
length 12 months (1958) © 
26/8 57—30/4 59 0.010 0.012 0.011 
1/9 56—31/8 59 0.007 0.0II 0,011 
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Table II. 
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Numerical results from the three methods A, B and C for the neutron monitor in 


Murchison Bay. 


a 


The standard error of the amplitude of 1:st harmonic 


in per cent 


Type of period Time 


II III IV 


1:st harmo- 


I:stand 2:nd 


nic fitted. harmonic fit- 
Acc.to eq. II Standard ted. Standard |Acc. to eq. 12 
error acc.to error acc.to 
eq. 8 eq. 9 
22/12 1958 0.234 0.214 0.212 
à 26/12 1958 0.234 0.406 0.388 
Single days 29/12 1958 0.234 0.171 0.164 
30/12 1958 0.234 0.178 0.195 
3/I 1959 0.234 0.196 0.211 
7/I 1959 0.234 0.180 0.19I 
Periods with typi- 10/9 57—2/8 58 0.014 0.018 0.017 0.020 
cal phase shifts /8 58—18/1 I 58 0.02 0.044 0.025 0.034 
19/11 58—29/5 59 0.019 0.026 0.018 0.023 
Periods of different 3/8 58—18/11 58 0.025 0.044 0.025 0.034 
length 12 months (1958) 0.013 0.008 0.006 0.018 
26/8 57—30/4 59 0.010 0.016 0.016 0.014 


lated oR, as only one-day values of R, from 
Murchison Bay neutron monitor are available. 

The calculation of the standard errors is 
made in four ways. 


1& Method A 
Orp=I We 
R 3 x 


where X is the total of the observed 
values over the period, 5R is expressed in 
per cent. 

II. Method B. Fitting first harmonic. 

III. Method B. Fitting first and second har- 
monics. 


IV. Method C. 


100 


(11) 


in per cent. 


Conclusion 


A comparison of the results shows that the 
magnitudes of the standard error obtained by 
the three methods are surprisingly similar. 
This seems to hold for both single days and 
long periods. From this we can conclude that 
our approach with harmonic analysis is good, 
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i.e. the specification errors are small. As the 
neutron monitor will measure the cosmic ray 
intensity with a big opening angle, which will 
mean that a sharply defined anisotropy will be 
smoothed out during a 24-hour rotation of 
the earth, the result can be expected. 


Method C seems to be more similar to meth- 
od B than to method A. This can be expected 
when the closeness of fit is good, as they 
both take account of all variations occur- 
ring during the time from which the data of the 
analysis are taken and method A does not do 
this. 

By comparing II and III in the tables we can 
have information about the existence of a 
second harmonic. In only 6 of the total 25 
different cases the second harmonic causes a 
marked reduction of the standard error, indicat- 
ing the existence of an important semidiurnal 
component. These 6 cases are distributed on 
both single days and long periods. For the two 
stations Uppsala and Murchison Bay the semi- 
diurnal component in most cases produces very 
little improvement in the fit. 


As only the single days and the calendar year 
1958 give identical periods for the two stations 
the material is too small to make possible any 
conclusion concerning a correlation between 
the two stations. 
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The question of which method will be the 
best to estimate the standard errors of the har- 
monic coefficients is still open. It depends on 
the use of the results. Method A with a correc- 
tion of the Poisson standard deviation is favour- 
able according to practical calculating aspects 
as long as the fit is good. A further comparison 
between the methods will be carried out not 
only for neutron monitor data but also for 
meson telescope data. 


ERIC DYRING AND BENGT ROSÉN- 


Acknowledgement 


The authors wish to express their thanks to 
doctor Arne E. Sandstrôm for his great interest 
and encouragement in this paper. 

They are also very grateful to doctor N. R. 
Parson for many valuable discussions. 

The investigation is sponsored by the Air 
Research and Development Command, United 
States Air Force, through its European Office, 
which is gratefully acknowledged. 


REFERENCES 


BARTELS, J., 1932: Statistical Methods for Research on 
Diurnal Variations; Terrestrial Magnetism and Atmos- 
pheric Electricity, vol. 37, p. 293. 

BARTELS, J., 1935: Random Fluctuations, Persistence, and 
Quasi-Persistence in Geophysical and Cosmical 
Periodicities; Terrestrial Magnetism and Atmospheric 
Electricity, vol. 40, p. 12. 

Dorman, L.I., 1957: Cosmic Ray Variations, Translation 
prepared by Technical Documents Liaison Office, 
Wright-Patterson, Air Force Base, Ohio, p. 95. 


Dyrıng, E., 1960: Statistical Studies of the Performance of 
Cosmic Ray Recording Instruments. In preparation. 

KenDALL, M. G., 1948: The advanced Theory of Statistics, 
Part II p. 433. 

Mc’ Cracken, K. G., 1958: Thesis, University of Tas- 
mania. 

SANDsTROM, A. E., Dyrıng, E., LINDGREN, S., 1960: The 
daily variation of the cosmic ray nucleonic component 
at Murchison Bay and Uppsala, Tellus 12, pp. 332— 


347- 


Tellus XIII (1961). 1 


Palaeomagnetism of Some Devonian Rock Formations in 
Australia 


By RONALD GREEN", Department of Geophysics, Australian National University, Canberra, A.C.T 


(Manuscript received June 10, revised version December 29, 1960) 


Abstract 


From southern New South Wales a palaeomagnetic survey of rocks whose ages are Upper 
Silurian — Lower Devonian, Middle Devonian and Upper Devonian has been made. The rock 
types include the Canberra Volcanics and Porphyries, the Murrumbidgee Sandstones and the 
Nethercote Basalts. Throughout these formations and irrespective of the rock type the directions 
of magnetization are remarkably uniform. The low inclination of the direction of remanent 
magnetization indicate that throughout this period Australia lay 10—15° away from the equator, 
the pole lying in the South Atlantic. Evidence for stability of the rocks is as follows: (1) their 
uniformity of direction, (2) the deviation from the present geomagnetic and dipole fields, (3) 
the presence of normal and reversely magnetized rocks. These data lend support to the belief 
that south-eastern Australia experienced tropical conditions during the Devonian. 


Introduction 


Preliminary work by Irvinc and GREEN 
(1958) indicated that between the Cambriam 
and Carboniferous Periods Australia moved 
from a low latitude to a high polar one. 
Furthermore, palaeomagnetic determinations 
on nine samples from the Mugga Porphyry 
(Upper Silurian) and on twelve samples from 
the Ainslie Volcanics (Upper Silurian and/or 
Lower Devonian) indicate a low latitude for 
the sampling area. This indication together 
with the high latitude of south-eastern Austra- 
lia as found by Irvine (1957) working on 
Upper Carboniferous varves suggested that 
large changes in the inclination of the geomag- 
netic field had taken place during the Devonian 
and/or Lower Carboniferous. 

The change in the direction of magnetiza- 
tion of Devonian rocks has been investigated 
and the results are given here. 


Presentation of Results 
The distribution of sampling localities is 
shown in Figure 1. Each locality is considered 


in chronological order: 
(a) The Canberra Volcanics and Porphyries of 
Upper Silurian — Lower Devonian age, 


1 Now at Geology Department, University of Tasmania, 
Hobart, Tas. 
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Fig. r. The distribution of the three areas sampled. In the 
north is Yass; near which at Alum Creek the Middle 
Devonian red sanstones and sediments were obtained. 
The Canberra volcanics and Porphyrys of Upper Silurian 
and/or Lower Devonian age were obtained from the 
A.C.T. In the south-eastern corner of Australia is the 
Eden district. At Nethercote some ten miles inland from 
Eden the horizontally bedded Nethercote basalts of 
Upper Devonian age outcrops. A palaeomagnetic survey 
has been carried out on all three groups. 
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Fig. 2. The sampling sites in the A.C.T. The position of the sampling sites in the 
Upper Silurian and Lower Devonian volcanics and porphyrys is shown. The 
numbering corresponds with the eight sites enumerated in the text. 


(b) The Murrumbidgee Red Beds of Middle 


Devonian age, 
(c) The Nethercote Basalts of Upper Devonian 


age. 
The Canberra Volcanics and Porphyries 


Several igneous formations were sampled in 
the Canberra district. The thicknesses and 
probable sucession of the units is as set out 
below; the numbers corresponding to the 
position of the sites as given in Figure 2. 


(8) Mountain Creek ’ 
vases 10 ft. Lower Devonian 
(7) Ainslie Volca- 
nics 200 ft. 
(6) er 30 ft. Upper Silurian — 
(5) Mt. Painter Lower Devonian 
Porphyry 30 ft. 
(4) Swamp Creck 
Member 40 ft. 
(3) Walker Member 
(Cotter) 15 ft. | Upper Silurian 
(2) Walker Member 
(Uriarra) 10 ft. 
(1) Deakin Volcanics 50 ft. 


At every sampling site (usually a quarry or 
road-cutting) the directions of magnetization of 
individual samples are found by measurement to 


be distributed about some mean direction. The 
within-site precision, © is a measure of the lack 
of this spread. However, the mean direction at 
one site is different from the mean direction at 
another site and the between-site precision, 
B is a measure of the lack of spread in directions 
between the sites. The overall precision, k is a 
measure of the confidence which can be atta- 
ched to the value of the mean direction calcula- 
ted for the whole formation. 

Some of the formations are tilted. The 
directions of magnetization are given with 
respect to the horizontal and to the bedding 
(Table 1). The mean direction of each for- 
mation has been considered as one site and the 
overall mean direction together with the 
within-site, © and the between-site dispersion, 
B has been obtained in the manner recom- 
mended by Watson and Irving (1957). 


Stability 


When allowance is made for tilting it is 
found that the unfolding increases the overall 
precision of the directions of magnetization, 
k, from 33 to 47. This suggests a pre-Tabberab- 
beran age (Middle Devonian) for the magneti- 
zation. The precision after unfoldning is not 
high but may be largely explained by the low 
(for igneous rock) “within-site”” precision, «. 
The low value results from treating formations 
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eS eee 
Direction of Magnetization 


Formation N Map reference Bedding-wise | Horizontal-wise 
Ds rn er cl RE 
Mountain Creek 7 Brindabella, ı mile 56.4 | — 45.6 35.5 2 — 54 
Volcanics 
nm Zu elle ee à UM me ot wollen sun ab nn ln 2 
Ainslie Volcanics 12 Canberra, 1 mile 16.6 | — 29.7 Tai 23 — 31 
213900E, 634000N 
Mugga Porphyry | 9 Canberra, ı mile 26.2 | — 30.0 6.5 26 — 30 
213900E, 634000N 
Mt. Painter 15 Brindabella, 1 mile 352.5 | — 47.9 10.9 252 — 48 
Porphyry 197500E, 636400N 
Swamp Creek 6 Brindabella, ı mile 102.7 | — 51.4 1222 186 — 66 
Member 191800E, 645200N 
Walker Member | 9 Brindabella, ı mile 310.6 | — 23.7 47 303 — II 
(Cotter) 195700E, 638200N 
Walker Member 8 Goodradigbee, 1 mile 311.3 | — 27.7 303.0 311 — 28 
(Uriarra) 196400E, 646500N 
Deakin Volcanic 14 81.7 44 — a 


Canberra, ı mile 
2151000E, 626900N 


Table 1. The mean direction of each of the eight Members of the Igneous rocks from the Canberra District. 
N is the number of rock samples collected and measured. Listed under the »Direction of Magnetization», D stands 
for declination measured to the East of true North, 1 stands for the in lination measured positively downwards, the 
k is the precision: very low numbers for k would indicate that the individual directions are random. None of the 
above Formations are random. 


Mean direction of magnetization Sampling Area 


D I a long. 
Bedding-wise 177298 — 36.5 20.6 6.1 | 35.28 149.0E 
Horizontal-wise Sar — 35.2 24.5 4.3 | » 


Table 2. The mean direction of magnetization of the Igneous rocks of Canberra with respect to the bedding 
and horiozontal planes. (8 Members sampled — 80 samples). 

D and I are as in Table r. « is the semi-angle for the cone of confidence around the mean direction within which 
the true mean direction has a 95% probability of lying. B is the value of the between-site precision. The higher value 
for B for the bedding-wise case suggests stability of the magnetization. 


(NAGATA, 1953; NEEL, 1955) has not been 
investigated. If the reversal results from a 
reversal in the geomagnetic field, a field 
reversal towards the end of the Silurian is 
indicated. 


which probably contain several flows as 
single sites. Reference to Table 2 shows that 
the overall mean direction of magnetization 
differs from the present geomagnetic and 
dipole field by approximately 30°. This is a 
good indication of stability. 


Former Pole Positions 


l ne 
Ras The former pole position has been calculated 


The Swamp Creck Member is reversed 
whereas all other formations are normal. The 
possibility that this is a petrological reversal 
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from the overall mean direction of magnetiza- 
tion (Table 3). The equator relative to Australia 
is given in Figure 3. 


RONALD GREEN + 


122 
Mean direction of] Sampling Former pole position 
Sites Age magnetization area 
D I & Lat. Long.| Lat. Long. dy dx 
Igneous rocks of Can- | 
Berta een rc 8 Su—De | 12.3] —36.5 | 20.6| 35.2S |149.0E| 71.4S | 7.8E | 14.0 | 24.0 
Murrumbidgee Series | I | Dm | ox — 28.6 | Oe 34-75 \148.8E| 57-88 [280€ | 5-0 | II.O 
Nethercote basalts er 7 | Du | +) 234 | 13.8| 37.05 [508] 64.9S | ar 7.8 | 147 


Table 3. The former pole positions for magnetically stable formations. 
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Fig. 3. The position of the Devonian equators relative to 
Australia. The equator marked I is appropriate to the 
pole calculated from the Upper Silurian and Lower 
Devonian igneous rocks from the Canberra district. No. 
II is for the Middle Devonian Red Sediments from the 
Yass District and No. III is for the basalt flows in the 
Nethercote Districts. The consistent low latitude for 
Australia during the Devonian is clearly indicated. 


The Murrumbidgee Red Beds of Middle De- 
vonian Age 


Middle Devonian sediments are thick in the 
Yass-Taemas district. At Alum Creek they 
show Tabberabberan tilting. A vertical thick- 
ness of approximately 100 ft. was sampled. 


Results 


The directions of magnetization and the 
error circle with respect to the bedding are 
given in Figure 4 and Table 4. In Figure 5 the 
mean. direction with respect to the horizontal 
and the circle of confidence are shown together 
with the direction of the present day dipole 
field which lies outside the circle of confidence. 


Stability 


The only evidence for stability is the diver- 
gence from both the dipole and geomagnetic 
field directions and the consistency with the 


directions for the Lower and Upper Devonian. 
The calculated pole position is to the south of 
Africa (Table 3) and the position of the equator 
relative to Australia is given in Figure 3. 


The Nethercote Basalts 


Near Twofold Bay Upper Devonian sedi- 
ments and lavas are exposed. BROWN (1930, 
1931) divides the Upper Devonian into three 
stages. 

(x) The Lambie (upper) consisting mainly of 
conglomerates, grits, sandstones and quartzites. 

(2) The Yalwal (middle), dark red siltstones, 
shales, tuffs and red grits, sandstones with 
interbedded rhyolites and basalts. 


Fig. 4. Directions at Yass. This is a stereographic plot on 

the upper surface. The directions of magnetization and 

the error circle with respect to bedding are shown for 
the Good Hope site at Yass. 
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NORTH Results 


The distribution of sampling sites is shown 
in Figure 6. Five sites are normal and two 
(Nos. 2 and 7) are reversed. The height of the 
reversed sites is such that there are normal sites 
at higher and lower levels. Nowhere were 

dome Pa mixed polarities found at the same site. In 
oe ee. ee Figure 7 the mean direction of each of the 
seven sites is plotted. Although sites 2 and 7 are 
reversed they are plotted as normal for com- 
parison with the other five sites. Fom the mean 
site directions, the mean direction of the forma- 
tion D= 4.5 I= —22.4 and the cone of con- 
fidence (semiangle 13.8) has been computed. 
Figure 7 shows that the mean direction is 
significantly different from the present geo- 


SAMPLING SITES 
NETHERCOTE BASALT 


Fig. 5. The mean direction and the dipole field at Yass. 

This is a stereographic plot on the upper surface. The 

mean direction of magnetization, the circle of confidence 

with respect to the horizontal and the direction of the 

dipole field direction are shown. In Australia the geomag- 
netic field is approximately 10° steeper. 


(3) The Eden (lower) of acid igneous rocks. 

Freshwater fossils in the Yalwal and marine 
fossils in the Lambie are of Upper Devonian 
age. Basalt flows at Nethercote Village (Fig. 1 
and Fig. 6) are interbedded with Yalwal 
sediments. The basalts from at least two 
distinct flows and many more flows are prob- 
ably present. A total vertical thickness of 
over 600 feet was sampled. This thickness is 
considered sufficient to average the secular à 
naaon of the Aa ie field. The flows Fig. 6. Basalt outcrops at Nethercote. The basalt (symbol 
are interbedded with red ferruginous sand- b) is interbedded with flat-lying Yalwal sediment 
stones which are flat lying. (shaded). The seven sampling sites are shown. 


| NEW SOUTH 
T.BROKEN HILL 


WALES NEWCASTLE 
À. 

Hess 
ALBURY  NETHERCOTE 


t wa LOCALITY MAP 


Mean direction of magnetization 


Formation 
D I k œ ß 
Murrumbidgee Series 
(Good Hope) 40.1 — 28.6 — 10.0 _ 


34.75, 148.8E 


Table 4. The mean direction of magnetization of the Murrumbidgee Series at 
Good Hope with respect to the bedding plane. Because only one site has been sampled 
no value for the between-site precision, ß and k, the overall precision can be given. 
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NORTH 


CONE OF CONFIDE 
AROUND THE MEAN 
DIRECTION. 


x PRESENT GEOMAGNETIC 
FIELD. 


Fig. 7. The mean direction of magnetization of the 
Nethercote Basalts. This is a stereographic plot on the 
upper surface. The mean directions from seven sites are 
shown with the cone of confidence and, for comparison, 
with the direction: of the present geomagnetic field. 
The beds interbedded with the basalt flows are flat- 


lying. 


magnetic field. The within site, «© and the 
between-site precision, B, has been calculated 
(8 =29,@=11); the between-site precision is 
significant and suggests secular variation having 
taken place during the Upper Devonian. 

The stability of magnetization of these 
basalts is suggested by the agreement of the 
directions of magnetization at each site and the 
large angle these directions make with the 
present geomagnetic field. The occurrence of 
both normal and reversed polarities also 
implies stability. 

From the mean direction of magnetization of 
the formation, the calculated pole position 
(64.95, 19.6W) is in the south Atlantic Ocean 
(Table 4). 


Discussion of the Results 


The position of the equator relative to 
Australia during the Lower, Middle and Upper 
Devonian is given in Figure 3. The amount of 
polar wandering which has taken place during 
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the Devonian is not large. The rocks used for 
calculating these pole positions are of many 
different types (red sediments, andesites, basalts 
and porphyries) and are found in many geolog- 
ical environments -(as bedded sediments, lava 
flows, intrusive sills and stocks). In some 
cases they have been folded but in others they 
have remained more or less undisturbed since 
their formation. This initial agreement I con- 
sider to be highly significant. It suggests that 
the rocks have been influenced by a single 
cause, (i.e. the geomagnetic field) and that 
special effects — magnetostriction, water cur- 
rents, etc. — play only a minor role. 


The Devonian Equators 


Figure 3 shows that Australia lay in a low 
latitude throughout the Devonian. This palaeo- 
magnetic result may be compared with the 
geological indications of climate which are: 


(1) Extensive coral reefs, especially in the Yass- 
Taemas district during the Lower and 
Middle Devonian. 


(2) Bright red colour of the Devonian sediments 
in the Yass area. 


(3) The considered view that the Lambie beds 
were formed in tropical lakes (Matheson, 
1930). 

(4) The Yalwal Beds with which the Nether- 
cote basalts are interbedded also indicate 
tropical conditions (Brown, 1930). 

In conclusion, the low latitudes which 
prevailed during the late Silurian and Devonian 
(as given by the palacomagnetic deta) is 
consistent with the warm climate indicated by 
the palacoclimatic evidence. The lower Car- 
boniferous appears to have been a period of 
rapid change in latitude for Australia. 
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SHORTER CONTRIBUTION 


Cloud Droplet Sampling Technique 


By G. R. EDWARDS and L. F. EVANS, Division of Physical Chemistry, 
C.S.IR.O., Melbourne, Australia. 


(Manuscript received October 10, 1960) 


The only “absolute” method for deter- 
mining the size distribution of cloud droplets 
is to collect the droplets in an immiscible 
liquid medium and carry out a size analysis 
under the microscope. Various media have 
been proposed which, though apparently satis- 
factory in the hands of their originators, have 
proved difficult to reproduce (Mason, 1957). It 
is the purpose of this note to point out that 
the efficacy of different media is mainly depend- 
ent on the incidental presence of surface active 
materials, reliable results being ensured only 
if the concentration of surface active material 
is controlled. 

A cloud droplet falling into oil rests on the 
oil surface as a lens, its shape being determined 
by the three surface tensions as indicated in 
figure 1. In a pure paraffin oil the droplet is 


Twa 


Fig. r. A water droplet resting on an oil surface. 


almost spherical because of the high values 
of Twa and Two, but the oils generally used 
as media contain surface active material which, 
by adsorbing at the water-air and water-oil 
interfaces, lower the values of these two surface 
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tensions. This causes the lens to flatten, the 
diameter of the lens as seen from above 
becoming slightly greater than the diameter 
of the spherical droplet from which it was 
derived. The droplet is metastable in this posi- 
tion and may be mistakenly described as “sub- 
merged” because it now has a much reduced 
evaporation rate due to the presence of the 
spread film on its upper surface. 

If the droplets are to be photographed 
without being exposed to unsaturated condi- 
tions, it is clear that, in order that the lenses 
should approximate to spheres the surface- 
active material in the oil should be minimised. 
On the other hand, if the sampling technique 
necessitates exposure to unsaturation (WEICH- 
MANN and AUFM KAMPE, 1953), protection from 
evaporation is all-important and for this pur- 
pose one per cent of stearyl alcohol should be 
dissolved in the oil, this substance spreading 
over the upper surface of the droplets and 
conferring on them a high resistance to 
evaporation (LANGMUIR and SCHAEFER, 1943). 
In this medium the lens flattens considerably, 
the ratio of the diameter of the lens to the 
diameter of the sphere of equal volume being 
approximately 1.5: 1. (This factor was com- 

uted from measurements of the focal length 
of the lens and the focal length of the concave 
mirror formed by the upper surface of the 
lens.) 

The necessity for a correction factor was 
avoided by Mazur (1943) and May (1945) 
who, after collecting the droplets on a semi- 
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solid substrate of vaseline and oil, flooded the 
substrate with a coating of oil, whereupon 
the droplets became spherical. Using this 
technique we find that during exposure to 
room humidity for the few seconds which 
necessarily elapse before the oil is applied, 
about so per cent of the droplets evaporate— 
presumably because the surface active material is 
not distributed uniformly on the surface of the 
substrate. The droplets which remain are rela- 
tively stable, the diameter of 10 micron droplets 
decreasing at a rate of 6 microns per minute 
in an atmosphere of 40 % Relative Humidity. 


SHORTER-CONDRIBUTTON = 


This rate agrees with the observations of 
WEICHMANN (1953) who used a similar sub- 
strate. 

By incorporating 1 % stearyl alcohol in the 
substrate all droplets receive the maximum 
protection from evaporation, the correspond- 
ing rate of decrease in diameter being only one 
micron per minute. Consequently the sub- 
strate can be flooded at leisure without appreci- 
able error—a matter of some importance when 
working under the adverse experimental condi- 
tions met in airborne operations. 
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